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THEME 


The purpose of the Symposium was to convene Specialists in Physics of the atmosphere 
engaged in the study of energy transfers in the form of waves in a neutral medium and 
Specialists in Electromagnetic Wave Propagation concerned with the corresponding modific¬ 
ations of the electric characteristics of the medium and their effects on Electromagnetic 
Waves. 

The contribution of radioelectric techniques to the understanding of waves excitation 
and propagation in a neutral medium and inversely, the known or predictable effects of such 
waves on the propagation of electromagnetic waves in a disturbed medium were of concern. 

Acoustic gravity waves of every origin, either natural or artificial, were within the scope 
of the symposium. In principle, the spectrum was limited to that of gravity waves, the 
periods of which range from a few minutes to a few hours, and of acoustic or infra-sound 
waves with periods below a few minutes. Atmospheric tides and oscillations on a planetary 
scale were regarded as marginal. 

The range of frequencies contemplated for electromagnetic waves could vary from a few 
kilohertz to a few gigahertz. 

All the radioelectric techniques likely to provide information on the structure and dynamics 
of acoustics gravity waves fitted the scope of the symposium. The present status of experi¬ 
mental and theoretical knowledge gained owing to these techniques was reviewed. 

As regards propagation, such effects as amplitude or phase variations, fluctuations in the 
directions of arrival. the generation of abnormal modes and focusing, were considered, and 
their impact on telecommunications examined. 

The program has been divided in five sessions. 

SESSION I Acoustic gravity waves in the neutral terrestrial atmosphere 
SUBSESSION I A Natural sources and propagation. 

SUBSESSION I B Artificial sources and propagation. 

SESSION II Coupling between the ionised almospiieu and the neutral atmespnere di>*".'bcu 
by acoustic gravity waves. 

SESSION 111 Radio electric studies on acoustic gravity waves in the neutral and ionized 
atmosphere. 

SESSION IV Influence of acoustic gravity waves on the propagation of electromagnetic waves. 
SESSION V Summaries recommendations and future investigations. 
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TECHNICAL EVALUATION REPORT 


AGARD SPECIALISTS' MEETING 
on 

EFFECTS OF ACCOUSTIC GRAVITY WAVES ON ELECTROMAGNETIC WAVE PROPAGATION 
by 

P. HALLEY 


1. introduction 

The meeting, sponsored by the AGARD Electromagnetic Wave Propagation Panel, was 
held at the Roter Pavilion, The Kurhaus, Wiesbaden, Federal Republic of West Germany, 
from 17 through 21 April 1972. 

The Technical program was discussed and finalized by the program committee, which 
convened on several occasions prior to, and during the Meeting. Among the decisions 
made, it should be pointed out that a classified session (Session IV, classified up to 
the Secret level) had been planned to take place in the afternoon of 20 April, 
simultaneously with an unclassified Session IV on the same topic "Influence of Acoustic 
Gravity Waves on Electromagnetic Wave Propagation". 

After discussion, the Program Committee decided to cancel the classified session 
and to have all the papers presented in an unclassified session, with limited or 
shortened oral presentations if necessary. 

The purpose of this report is to provide a condensed review of the results of the 
meeting, and to stress the points on which light was thrown, as well as those which 
remained obscure or uncertain. 

During Session V, entitled "Summaries, Recommendations and Future Investigations" 
general comments were presented on each of the first four sessions. These comments 
were gathered in the report on Session V byi 

Prof. H.VOLLAND, for Session IA 
Dr. 8.L. MURPHY, for Session IB 
Dr. K. DAVIES, for session II 

Prof. I. RANZI and Dr H. RISHBETH, for Session III 
Dr. H. RAEMER and Dr. D. NIFL3GN, for Session IV 

Therefore, this report is only a supplement and a conclusion. 

2. Specialists' Meeting 

The purpose of this Meeting was essentially to gather atmospheric physics 
specialists engaged in the 3tudy of energy transfors in wave form through a neutral 
medium, and electromagnetic wave propagation specialists concerned with modifications 
in the electric characteristics of the medium. As far as this objective is concerned, 
the meeting may be regarded as a success, and each participant of either group was 
provided with an opportunity to be informed of the problems with which the other group 
is faced, and of possible solutions. In short, the aim in view was to pass on from the 
medium of characteristics such asi pressure, temperature, gas velocity, etc. to such 
characteristics as« electron density, ion density, number of shocks per time unit, etc. 
Evidently, as there is only one medium, all the characteristics involved in the various 
energy transfer equations are to be considered simultaneously to study disturbing 
acoustic gravity waves. 

Electromagnetic propagation threugh the atmosphere Involves only the ej.ect.ric and 
magnetic characteristics of the medium which are present in Maxwell equations and in 
associated equations necessary to the solution of a problem. This problem seems to be 
more simple than the general problem of atmospheric waves, and is correctly solved, as 
demonstrated by thousands of experimental observations. 

For this reason, radioelectric techniques constitute a very importe.nt and practical 
means of investigating neutral wave excitation and propagation conditions. (A considerable 
part of our experimental knowledge on neutral waves is derived from observations based on 
radioelectric wave propagation). 








3. Analysis of the subject 

In brief, the succession of research operations was based on the knowledge of: 

a, acoustic and gravity wave sources 

b. acoustic and gravity wave propagation, whether the process involved is 
linear ot non-linear. 

e. the effect of acoustic or acoustic gravity waves on the electric character¬ 
istics of the medium and of the electric model of disturbed atmosphere which it is 
possible to schematize. 

d. radioelectric propagation through a disturbed medium. 

e. techniques for improving radio communication equipment and their use, 
when the atmosphere is disturbed by A. or A.G. waves. (This final and practical point 
being the most important). 

3.1 In actual fact, many natural sources of A. and A.G. waves were identified, among 
which auroral discharges which heat up the atmosphere and move sometimes at supersonic 
speeds, carrying along associated waves. (R.C. COOK, paper 3; G.R. WILSON, paper 6) 

Among the artificial sources, nuclear explosions in the atmosphere are the most 
important. For a low altitude explosion, the upward shock wave generates acoustic waves 
and, owing to a complex non-linear process, acoustic gravity waves (B.L. MURPHY and 
S.L. KAHALAS, paper 10). A noise ring, acting as a secondary source of short period 
waves seems to be generated at an altitude ranging from 8S to 95 Jon (J. ROCARD, paper 11). 
Lambs atmospheric edge mode excitation seems to make a considerable contribution to the 
first or first two cycles of acoustic gravity waves produced by an explosion at ground 
level (J.w. POSEY and A.D. PIERCE, paper 12). 

Several authors reviewed the results of calculations carried out by J.S. GREENE 
and W.A. WHITAKER on the basis of NEWTON'S equations. 

Therefore, the time and space source functions appear to be fairly well understood 
in the two particular cases of the auroral curtain and of low altitude energetic 
explosions. 

3.2 Although it is very complex, the linear theory of A.and A.G. waves is now advanced 
enougli to be applied to an isothermal or non-isothermal atmosphere. WHITHAM'S kinematic 
theory is a valuable complement to the classical theory, since it permits an easy 
calculation of trajectories. 

Non-linear phenomana pose much more serious problems. 

3.3 The coupling of neutral and ionized gases is expressed by coupled hydrodynamic 
and ionic motion equations which must be fulfilled simultaneously, without disregarding 
non-linear effects (J. KLOSTERi IEYER, paper 14 and N.J.F. CHANG, paper 13). For the 
time being, it seems difficult to state which is the prevailing physical process in each 
case, and how its written expression can be simplified to develop a theory easier to 
handle. 

Travelling ionospheric disturbances (TIDS) are observed and analyzed by many authors, 
among whom, G.B. GOE, paper 16, reports on the effect, at the F region altitude, of wind 
configurations associated with the jet-stream. At the altitude of the tropopause, G.A. 

MOO and A.D. PIERCE, paper 17, who observe and explain the oscillations of the ionosphere 
during periods of stormy activities. D.P. KANELLAKOS and R.A. NELSON, paper 19, who 
demonstrate experimentally the validity of GREENE'S and WHITAKER'S hydrodynamic 
calculations. 

However, it must be stated that models of neutral and ionized atmospheres disturbed 
by a. and A.G. waves generated by the various identified sources either dc, not exist yet, 
or are far from complete. 

1.4 In a disturbed atmosphere, represented by a simple model, it is possible to 
calculate the propagation of radio waves in the H.F. band either by ray tracing 

(P. GEORGE, paper 32) or by an all wave method (H. RAEMER, paper 31). Further ray tracing 
calculations in an ionosphere disturbed by atmospheric gravity waves provide the tleld 
amplitude at reception (taking account of periodical locusinq) and the azimuth deviation 
(J. ROTTnER, paper 13). It is also possible to determine experimentally the detailed 
structure and the motions of TIDE, by the short duration pulse technique (pulses shorter 
than a microsecond) (G.'. LERF/iLD, R.H. JURGENS, and J.A. JOGEI.YN, paper 34). This 
practical technique seems to be very promising. 

I believe this particular area of research could be? developed from both theoretical 
and ex|>erimentul viewpoints. 

3.5 Papers providing ■ formation on the techniques for improving radio transmissions 
when the atmosphere is disturbed by acoustic and acoustic gravity waves were very scarce. 
This qap was duly stressed oy the SHAPE Technical Center representatives. However, a tew 
data of a practical nature were presented bv p, NIELSON, paper 39 and p. RALI.EY, paper 16. 
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These data were lin.ited to the effects of nucieur explosion# on H.F. radio 
comniinxcationa. They were oL a very general character, and qualitative rather than 
quantitative, 

We ure still far front having mastered a good knowledge of the electromagnetic 
energy transfer junction between two distant points. 

4. Conclusions 

The Wiesbaden technical meeting has provided new elements on the understanding of 
atmospheric acoustic gravity waves end their effects, considerable advances have been 
made since the first conerent document which, as far as I know, was published on this 
suoject under the tttlei "Acoustic Gravity Waves In The Atmosphere", Symposium 
Proceedings, Boulder, Colorado, July 1966. 

It may be concluded that the model representing a quiet lorosphere through which 
winds and tidal waves are moving should be completed by the addition of natural 
atmospheric acoustic gravity waves which, on certain days and at certain times, modify 
the slopes of isoelectronic surfaces, disturb maximun electron densities, modulate 
absorption in lower layers and generate focussing. 

All those phenomena are of interest to the user of radio communications (especially 
in the H.F. bandwidth), who is still far from deriving the maximum benefit from natural 
propagation possibilities. 

Investigations on acoustic gravity waves and their consequences upon radio 
conmunications con lead to detailed short term predictions of ionospheric propagation 
conditions in a given geographic area. 








Rapport d'Avalustioh technique 

da 

la reunion de special istes de 1'AGAW) 


sur 

"Les effets des oixles acoustiques at da gravite atmosphCi iques 
sur la propagation de l'onde electromagnetique" 
par 

P. IIAIXLY 


La reunion organisec sous l’egide du group* de travail "Propagation de l'onde electromagnetiqu* 
d* l'AGAFD" a ete tanue au Roter Pavilion du Kurhana de Wiesbaden, Rlpublique Federale cl'Allemogn/e, 
entre le 17 «t le 21 avril 1972. 

Le progranee technique a ete discute et nit au point par le conite du programme,, qui s'eut reuni 
& differentaa repriaes avant et pendant le symposium. Parmi lea decisions prises, il convient de signa¬ 
ler qu'une Session IV classifiee (jusqu'A Secret) avait ete prtvue pour le ?0 avril, dans 1'aprAs^iidi, 
en m*me temps qu'une Session IV non classifiee, sur le m®me sujet : "Influence des ondes acoustiques 
et de gravite sur la propagation des ondes eiectromagnetiques, 

AprAs discussion, le ccmite du programme a decide de supprimer la session classifiee et de pre¬ 
senter, en session non classifiee toutes les connuni cat ions orales, si necessaire limitfies ou eccur- 
tees dans leur presentation. 

Le but du present rapport eat de fournir une revue trAs condensee des resultats obtenus au couro 
de la reunion, pour signaler autaut les points bien eclairee que les points restes obscure ou incer- 


La .Session V, souj le titre "Sommaircs, Recommandationv et Recherches futures", a perm s la pre¬ 
sentation de conmentaires gen£raux sur chacune des quatre premieres sessions, Le lccteur trouvera ces 
ccensentaires au papier V, redigts pour 

la Session I A par le Prof. H. VOLLAND, 
la Session I B p<u- le Dr B.L, MURPHY, 

Is Session II par le Dr K. DAVIKS, 

la Session III par le Pro1, I, RAKZI et le Dr. H, RILHlitHi, 
la Session IV par le Dr. RAIMIS et le Dr. D. WILLSON, 

Le present rapport n'est done qu'un complement et une conclusion. 

2. La reunion de speciolisteB. 

Le but du sjmqyosiian etait, entre autres, de reunir des speciolistes de la physioue de 1'atmosphere 
engages dans 1'etude des transports d'6nergie en Tome d'ondc dans lc milieu neutre et des speciolistes 
de la propagation de l'onde electromagnetioue que concernent les modifications de6 caracteristiques i- 
lectriques du milieu, Sur ce point, on peut dire que le symposium a ete une reussite et chacun des par¬ 
ticipants, appartenant plus partlculiArement A l'un des groupes, a pu prendre connaissance de la forme 
des problAmes qui se posent a 1'autre groupe et des solutions possibles, Kn bref, il s'agissait de 
passer en tout point du milieu des caracteristiques tell.es que : pression, temperature, vitesBe du gas, 
etc., aux caracteristiques telles que : densite eiectronique, densite ionique, nombre de cliocs pax uni¬ 
te de ttmps, etc,, Bien entendu, le milieu etant uniqvie ce sont, en principe, toutes les corsct£risti- 
ques qui entrent dans les differentes equations de transfert d'inergie sous toutes ses formes, qui sent 
A considerer simultan£uerrt pour 1'etude des ondes pert urbatrices "acoustiques et de’gravite". 

La propagation electromagnetique dans 1"atmosphere n'interesse que les caracteristiques £lectri- 
ques et magnetiques du milieu qui entrent dans les equations de Maxwell et dans les equations campl£- 
■entaires qu'il est necessaire d'ecrire pour resoudre un problAme qui apparaft cone plus simple que 
le problAme general des onaee de 1'atmosphere et qui est bien resolu comme le montrent. des milliers 
d' observations experiment ales. 
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Pour cetta raiaou, l«s techniques radioftlactriquea torn, un moyen trfta important at coMMda da 
rachfrcha das condition! d'excitetion at da propagation da« ondaa neutres, (Ainsi, un* grande part 
da noo connaiiaancaa exptrinentalea aur La* onna* nautraa jjrovient d'observations utilisant la pro¬ 
pagation dn* ondas radioftlactriquea), 

. L’analyae du sujat, 

En icaaa, la auccaasion daa operations da recherche a'afractuait *ur la connaiaaanca : 

i) - daa aourcaa dap ondaa acoustiquee art da gr av' *. 4, 

ii) - da la propagation daa ondaa aco'istiquea at da gravitft an prftaenca da procaaaua linftairea 

I et non-lipfteires, 

iii) - da l'effat daa ondaa A ou A.O. aur laa ceractftriatiquee ftlectriquea du ailiau at du noddle 
ftleutiique d'atnoiphftre perturbfte qu'il aat poaaibla da schftaatisor, 
iiii) - da la propagation radioftl.ictrique dan a la ailiau perturbft, 
iiiii) - daa techniques daatiniaa ft l'ataftlioration daa matftriels da radioco— un , i cation at da laur 
maploi, an priaanca d'una ataoephftra e*it4e pax daa ondaa A ou A.G <a 
(Ca darniar point finujl at pratique fttanl la plua important), 

3.1. En fait, da noaibrauaaa aourcaa natuxallaa d'ondaa A at A.G. out it £ identifies, parmi Isabellas 
las dftchargas auroral** qui £chauffant l'atmosphJra at parfois aa d£placant A vitaaaa super soai- 
qua an antrainant dea ondaa d'accompagnement (p.K, Cook papiar 3, G.P. Wilson papiar 6), 

Pami laa sources artificiallaa il faut. citar principal ament laa explosions nucl£airea dans 
l'atmosphftre, Pour une explosion A baase altitude, l'onda da choc asceodante produit dea ondaa 
acoustiqueS at par un processus non-lin£airc complex* dea ondaa acouatiquaa at d« gravitft 
(B.L. Murphy at S.L. Kahalaa,papier 10), Una couronce de bruit veritable source aacoodaire d'on¬ 
daa da courts p£ripda aerait crftfte antra 85 at 95 tan d'altitude (J. Bocard, papiar 11), L'axci- 
tation du mode trenchant de Lamb ipportera.it une contribution iaportante an premier ou aux deux 
preoiara cycle- dea ondes acouatiquaa at de gravitft engendrftes par une explosion au niveau du 
aol (J.W. Posey et A.D, Pierce, papier 12), , 

Plusieura auteurs sent revenue aur le r£ault.at. dea calcula effectufts par J.S, Greene et 
W.A, Whitaker ft partir dea £quationa de lievton, 

II apparaft, done qun lea fonctiona source, temporelle et apatiale, sont:approximativement 
aaiaies dana lea deux caa particuliera du rideau auroral et de l'exploaion ftnergfttique ft baase 
altitude, 

3.2. L* thftorie linftaire de« ondes A et A.G. bien que trfts couplexe dans an gftnftralitft eat oaintenant 
aasei avcu.cfte pour fttre exploitable et atnosphftre iaotherjie et non-isdtherre. La th£or..e cinftma- 
tique de Whitham vient domplftter asset heureueement la th£orie claaaique, en pemettant un cal- 
cul facile de trajectoire. 

Lea phftncmftnes pon-linftaires posent dea problftmes beaucoup plus ardua, 

3.3. le couplage entre le ,ga? neutve et le gat ionis£ se traduit pair I'Sqriture d'tquatior.a couplftes 

hydrodynamique et ionique du r-ouvehent, qui doivent !tre simultanftssent satisf«ites sans nftgli- 
ger lea effeta non lintoires (j, Klostermeyer, papier Ik - N.J.f, Chang, papier 13). Pour le mo¬ 
ment, il paraft difficile de dire quel est, dans chaque caa, le proceasus physique dominant et 
comment on peut all£g«r l'£criture pour parrenir ft une thforie plua maniable, ' 

Lea perturbations ionosphftriqucs it’nftrantes (P1I) sont conatat£es et analysfteB pnr ie nombreu- 
auteuys parmi leaquels nous citayons : C..B. Gt.e (papier 16) qui ronstate ,1'effet aux altitudes 
de la rftgion F dea configurationc de vert li£en au courunt-jet ft 1'altitude de la tropopause. 

C. A, Moo et A.D, Pierce (papier 17) qui constatent et expliquent dea oscillations de l'ionoaphftre 
pendant lea p£riode# d’activite orageuse, 

D. P, Kanellakoa et R.A. Nelson (papier 19) qui montrent par l'expiftrience lii validit£ dea calcula 
hydrodyruoaiqt.es de Greene et Vhitala* „ 

Dependant, il faut bien cohatater qua let modftleu d'atmosphftre neutre et ionis£e perturb£e par 
let ondes A. et A.G, dea diff£rentes sources identifies sont soit inexiatanta soit encoro trio 
incomplets, 

3«k. Dana 1 • atmosphere pertorbfte, ach£matia£e par un models simple,! il est possible de calculer la 
propagation dea ondes radio dana la bande H.F, aoit en trajectographie (P, George, papier 32) 
soit par une mftthode toute orde (H, Rammer, papier 31). D'autres calculs de trajectographie dans 
une ionosphftre perturbfte par les ondes de gravit£ atmoaph£riquaafourniaaent 1'amplitude du champ 
ft la r£ception (compte tenu dea focaliaationa p£riodiquee) et la d£-iati.on en aximut (j, Hfittger, 
papier 33). Il eat ggalement poaeibie de determiner experiment element la structure fine et lea 
aiouvementa des P.I.I, en utilisant la technique dea impulsions de courte dur£e, inf£rieure ft la 
microaeconde (G.K, Lerfald, R.B, Jurgena, J.A, u'oaelyn, papier 3k), Cette technique pratique 
parsft trfta prometteuae. 

A «on avia, ce domainc particulier de la recherdhe pourralt 6tre d£velopp£ tant par le calcul 
que par I’expSrienoe. 
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3,5. Las papiara fourniaaant daa informations aur laa techniques a employer pour ajafliorcr lea radio- 
cnamunications an presence d'une atmoephira ngitie par leu ondea acouatiquec at acouatiquos at 
da gravity ont itt trie pau nemtrsux. Cette lacuna a 4t< aOment soulign4e par laa repr<s#ntants 
du Sliapa Tachnical Cantar. Oualquas infonuationa pratiques ont capandant iti apportlas par 
B. Nielson (papier 39) «t P. Halley (presentation orala 36), 

Cea informations 4tai«nt uniquiment relatives aux conuiquences daa explosions nueltaiiee aur lea 
radiocomnenication* an li.F,. Kllea ftaient tria gllnlralea at plua qualitative* qua quantitatives, 

On eat encore tr?a loin d'une bonne coimaiaaanca de la fonction da transfer! do l’inergie Sloe- 
troasfnitique antre deux pointa diatanta, 

. Conclusion*. 

La reunion technique da Wieabaden a apportf dr nouveaux eltmeot* aur la connaitaance dea ondea 
acouatiquea at. d* gravity at«oaph6riqu« at da leura effete, qui maxquent un progria important aur le 
premier document coherent public it aa connrisaance aur le aujat : 

"Acoustic-gravity vavor in the atmosphere", symposium proceedings, Boulder Colorado juillat 1968, 

Ma conclusion eat que le moc'cle d'icnoaph^re calme pnreourue par daa rents at dea ondea de marie 
doit Ctre coapliti par le priaence d'ondea acouatiquea et de gravity naturalise qui, certains jour* 
ou ce.-tu.inea heui'ea, modifient lea pentea ies surfaces iso6lectrooiques, perturbent lea demitia e.lec. 
troniquas maximales, modulent 1'absorption dans lea basses couches it provoquent das focaliaat. ions, 

Toua caa phincmines intfressent i'exploitant dea moyena de radiocommunication (tout particuliSre- 
ment dsns la bande H.F, ) qui eat encore loin de tirer le parti maximum dea possibility* naturelles de 
propagation. 

L'itudc dee ondea acouatiquea et de gravity et de leura consequence* aur lea radiocownunications 
peut conduire i une provision a court terme ditaillie dea conditions de preparation ionosphtrique 
dans une region giographique dilimitie pour cette priviaion. 
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ABSTRACT 

The propagation of radio waves in the ionosphere is similar to that of acoustic gravity waveB in the 
neutral atmosphere. Both are anisotropic and dispersive. Furthermore, the temperature structure in the 
atmosphere is somewhat similar to the electron density structure in the ionosphere. Ray tracing of 
acoustic waves exhibit high- and low- angle rays, skip zones, etc. 

1. INTRODUCTION 

Some participants at this meeting will be familiar with ionospheric radio propagation and not with 
acoustic-gravity waves whereas there are some who are more familiar with the propagation of acoustic- 
gravity waves than with ionospheric radio waves. This talk, is therefore, tutorial in nature and is 
designed to show that the two types of waves are similar in several respects. 

The analogies are emphasized by defining a refractive index for acoustic-gravity waves in terms of 
the local speed of sound C and comparing it with the Appleton equation for the refractive index of an 
ionized medium (Ratcliffe, J. A., 1959)- It will be shown that the acoustic cut-off frequency, 'n a , is 
analogous to the plasma frequency, u) N , and that the buoyancy frequency, gu g , (also called the Brunt-Vaisala 
frequency) corresponds to the electron gyrofrequency iq, . Acoustic waves are similar to ionospheric radio 
waves on frequencies above the gyrofrequency whereas gravity waves are Bimiiar to whistlers (see Halliwell, 
R. A., 1965) which propagate on frequencies below the gyrofrequency. 

2. CHARACTERISTIC FREQUENCIES AND DIRECTIONS 

In a plane stratified and Isothermal atmosphere the characteristic direction is that of gravity, 
whereas In the ionosphere it is the direction of the geomagnetic field. There are two characteristic 
frequencies for such an atmosphere. The first, of these is the acoustic cut-off frequency u> a , which is the 
natural frequency of (compressional) oscillation of the entire atmosphere about its equilibrium state. The 
other characteristic frequency fthe buoyancy frequency, w g ) is the frequency of oscillation of a parcel of 
air about its equilibrium level. 

In a uniform neutral plasma containing a uniform external magnetic field, B Q , the two corresponding 
characteristic frequencies are the plasma frequency iq, and the gyromagnetic frequency % . The former is 
the frequency of oscillation of the electron gas when displaced from Its mean position with respect to the 
heavy positive ions. The gyrofrequency is the frequency wit' which a single electron gyrates about the 
magnetic field. 

It is clear that uu a and 1 % depend on the bulk properties of the respective media while uu g and iq, 
refer to elements of the media. 

As in ionospheric radio work we normalize the characteristic frequencies to the wave frequencies 
and use the symbols X and Y recommended by the International'Scientific Radio Union (Ratcliffe, J. A., 1959) 
These symbols are defined in Table 1. The atmospheric symbolism is as follows: 

C, the speed of sound 

g, the gravitational acceleration, assumed independent jf height 

H, the scale height 

V, the ratio of specific heats at constant pressure and c 'nstant volume. 

One difference between radio waves and acoustic-gravity waves is that in the former the characterise 
frequencies ui N and iq, are independent, whereas the frequencies w a and w g are directly related thus: 
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(X 4. V H' ) 


(1) 


in whicr. H' is che gradient of scale height. Under these conditions in* and <r, are equal when H'w0.l8 
(see Tolstoy and J.au, i?fO), 

3. REFRACTIVE INDICES 

The refractive index n for acoustic-gravity waves of frequency <i> Is defined by 



where v Is the phase velocity and k the propagation vector (aee Hines C. C., 1965). The refractive 
index formulas are given in Table 1 In terms of the angle V between the propagation vector k and the 
horizontal. 

The refractive index formulas are Identical for vertical propagation of acoustic-gravity waves and 
for transverse propagation of radio waves as are the expressions for group speed. 

Refractive index curves are shown in Figure 1(a) and 1(b) for acoustic waves and HF radio waves, 
respectively. For X < 1 both families of surfaces are ellipsoids while for X •« 0 the surfaces are spheres. 
For values of X near unity the p ellipses are highly elongated. In fact, for radio wavea they degenerate 
to a line in the direction of the geomagnetic field, whereas for acoustic waves they degenerate to a point 
at the origin. 

On low frequencies (Y » 1) there are marked similarities between gravity waves and whistlers as 
shown in Table 2 and in Figures 2(a) and (b). From these figures it is seen that, in both cases the 
refractive index is greater than unity, the refractive index surfaces are hyperboloids and that propagation 
is limited to certain ranges of angles and frequencies (see Figure 3). The beaming properties of gravity 
waves are shown in Figure Ma) and are similar to those of whistlers sketched in Figure U(b) (Gullet, R., 
1963). 

A peculiar ftature of both gravity waves and whistlers is the difference between the directions of 
phase propagation and energy propagation (ray direction). Since the ray direction is normal to the 
refractive index surface, upward propagation of phase is associated with downward propagation of energy 
and vice versa. On the other hand, for both HF rtklio waves and acoustic waves the vertical components of 
both phase and energy propagation are in the same sense. This can be seen flora the expressions for a whic 
are positive in Table 1 and negative in Table 2. 

Another interesting feature is the reversal of senses of rotation of the elements of the luedia. 
Acoustic waves produce clockwise rotation of the air parcels whereas gravity waves produce an anticlockwise 
motion in the plane of propagation. In the radio analogy, ordinary waves on frequencies above the gyro- 
frequency cause electrons to rotate in a counterclockwise fashion looking along the geomagnetic field 
whereas the sense of rotation is clockwise with whistlers. 

4. RAY FATHS OF ATMOSPHERIC WAVES 

•*.1 Ray Paths of Acoustic Waves 

Ray paths of acoustic waves in the earth's atmosphere illustrate some further similarities with high 
frequency radio waves. The U. S. 1962 Standard Atmosphere, shown ir. Figure 5, is temperature stratified 
which gives it layered properties somewhat similar to the electron layers of the ionosphere. Acoustic ray 

paths in the model atmosphere are shown in Figure 6 which shows that for a given wave frequency (or period) 

waves can penetrate the atmosphere through an iris which is reminiscent of radio waves. The ray paths of 
Figures 6(a) and 6(b) illustrate the dispersion effects as the wave period approaches the acoustic cut-off 
period. The variations of ground ranges with take-off angles with the vertical (tp ■ 90-Y), see Figure 7, 
show the existence of skip zone3 - observations of which provided the first evidence of the temperature 
structure of the upper atmosphere (see for example Mitra, S. K., 1952, chapter III). Figure 7 also indi¬ 
cates the existence of high-angle and low-angle rays as in the case of radio waves (see Davies, K., 1969, 

section 12.3). 

5. CONCLUDING REMARKS 

Although there are some similarities between the propagation of acoustic-gravity waves and 
ionospheric radio, there are basic differences which must be borne in mind. Some of these differences 
are listed in Table 3. 


18 






TABLE 1 


Comparison of dispersion properties of atmospheric waves in at. 
isothermal atmosphere and ordinary radio waves In the ionosphere. 
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TABLE 2 
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Fig.3 Allowed and forbidden regions of spectra of atmospheric waves and ionospheric radio waves. 
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ABSTRACT 


A new general-purpose ray tracing program for acoustic-gravity waves haa been developed. It allows 
atmospheric wind and, temperature to vary In all three rpatial dlavenalons and with time and accounts for 
earth curvature. Ray plots show the characteristic acoustic ray pitternn of a standard atmosphere but 
alao some interesting and unexpected ray geometries in caees of more c-japlex wind fields and for internal 
gravity waves. 

1. RATIONALE 

Ray tracing can been successfully employed to calculate the paths of wave-energy flow in inhoaoge- 
reoim anisotropic media, moat notably for radio waves in the ionospheric plasma, seismic wives in the 
earth, and for acoustic vmves in the ocesn and atmosphere. A few attests have been made to extend 
acoustic-ray-tracing capabilities to low-frequency acoustic-gravity waves in the atmosphere (cf. PIERCE, 
1966; JONES, 1969; CHANG, 1969; COWLING et ml., 1971), but eacn scheme so far developed employs simpli¬ 
fying assumptions or idealized models that limit their applicability to the real atmosphere. In 
particular, the effects of winds are sometimes Ignored or are at most constrained to be horizontal and to 
hr.ve only vertical gradients. Other approaches ignore either the effects of gravity or compressibility, 
and most neglect earth curvature and horizontal temperature gradients. Finally, no acoustic-gravity 
ray-tracing program of which we are aware is well documented and available In a "user-oriented" form, i.e. 
easy to use and readily adaptable to digital computers in common use. 

Tne program described here is designed to overcome these limitations in the following ways: 

(a) Ray equations are derived from Hamilton’s equations (rather than variations of Snell's Law) 
and allow three-dimenslocal gradients of atmospheric wind and temperature fields; 

(b) A Hamiltonian appropriate to acoustic-gravity waves lu a windy atmosphere allows e single 
program to apply to the whole wave spectrvmi from pure acoustic to internal gravity waves; 

(c) Earth curvature is accounted for by writing Hamilton’s equations in earth-centered spherical 
coordinates; and 

(d) Programming is modeled after the Jonea-ITS ionospheric radio ray-treeing program, which has 
evolved, over several years of widespread use, into a thoroughly tested end highly user-oriented tool 
(J0NE8, 1966). 

This paper briefly describes the worfelngs and capabilities of the program. Further details and 
Instructions for its use appear in a N0AA Technical Report (GEORGES, 1971) that can be supplied upon 
request. 

2. THE RAY-TRACING EQUATIONS 

Hamilton's equations, when applied to wave propagation, can be thought of as a differential 
expression of Fermat's Principle of Stationary Time, Their applications to geometrical optics and to 
geometrical acoustics are discussed, respectively, in the texts by KLINE and KAY (1969) end LANDAU and 
LIFRHITZ (1959)• In their simplest vector form, they can be written 




• 3H 
~ “ 3K 


(lb) 


where a dot indicates total time differentiation, K is the wave vector, arid r Is a point on the ray path. 
The Hamilton (H) is a quantity whose constancy defines the ray path, given appropriate initial conditions 
and a model atmosphere. For acoustic-gravity waves, H is given by the wave dispersion relation, such as 
that developed by HINES (i960), TOLSTOY (1963), end others for Isothermal atmospheres without winds. The 
generalization to Include winds is straightforward and is discussed by PITTEWAY and HIMES (1965), The 
isothermal dispersion relation gives the appropriate Hamiltonian for ray tracing in nonl sot hemal 












stiaosphores because the geometrical-acoustics approximation la equivalent to assuming that the medium ia 
hoBKiceneoua and ia valid only when that assumption is valid. The Hamiltonian is then 

h - n- - n*c*ic* - «V ♦ - o , (2 ) 

where fi la the intrinsic wave frequency with respect to the air moving at a local wind velocity, y, whose 
components are v r , vq and v$ in spherical coordinates, r, 0, <)>• The wave frequency measured in a fixed 
frame ia u « 11 ♦ JC " y, where K is the wave vector (kj., kg, k^). The horizontal component of K is k h . 

The locnl speed of sound is C, io, 1b the acoustic-cutoff frequency, Y«/2t, and U!§ 1 b the square of the 
Brunt frequency, (y-lJgVc 1 + g(3C J /3z)/C*. In accordance with the analysis of EINAUDi and HINES (.1970), 

a modified definition of ia adopted, which accounts for the effects of vertical sound-speed (tempera¬ 
ture) gradients on atmospheric stability. Substituting (2) into (l) and expressing in spherical 
coordinates (BRANDSTATTER, 1959), we get the six coupled differential ray-tracing equations: 


~ - C*k r »F + v r (3) 


§ ■ i j C\W - <> F/a ♦ v e J . (4) 



F = (2 fl 2 - w* - CV)" 1 . 


These equations, though apparently complicated, are readily integrated by standard numerical methods to 
yield r(t) and K(t). The addition of a seventh equation. 


f - 5* (£)-§& K- Cik2)p • ( *> 


permits integration of Doppler shift, provided the medium does not vary appreciably during ray transit. 

The program described here uses a standard Adams-Mculton integration scheme with variable step 
length and error checking. The user specifies the maximum tolerable fractional integration error per 
step and thus has the option or trading computer running time for accuracy. 

3. USING THE PROGRAM 

The program is designed to be used, for the most part, like a "black box," that is, without much 
knowledge of its inner workings. Parameters that the user may wish to vary (for example, initial 
conditions, wave variables, and model atmosphere parameters) are Input via a data deck with ore such 
parameter per card. Sequential ray calculations, such as stepping ray launch direction, are automatically 
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provided for. In addition to a comprehensive printed output, outoiaxti: ray plots nay bo obtained or; com¬ 
puter# with cathod*-?ray-tube/m.lcrofilm output capabilities. 


Several simple model atmospheric wind and temperature fields vith variable parameters are included 
in the program's repertoire, and the user may readily substitute his own models. In its present form, 
the program accepts only continuous analytic descriptions of wind and temperature fields, but virtually 
any desired field may be fitted with analytic functions. 

4. ILLUSTRATIONS OF APPLICATIONS - ACOUSTIC WAVES 

Figure 1 displays the kind of ray plot often produced by simpler programs: that of ordinary 
acoustic waves in a standard-atmoBphere temperature profile. Here, however, a wind blows toward the 
right and increases logarithmically with height. Note particularly the Influence of the wind or. where 
rays return to the ground. The wave source in this example is near the tropopause, so that pronounced 
ray ducting is also evident. 

Figure 2 shows acoustic ray paths through an isothermal, cylindrical vortex with a solid-rotating 
core. The ray geometry is independent of spatial scale and so is relevant to smaller vortices, such ao 
those generated in aircraft wakes, as well as to cyclonic weather features of synoptic scale. The only 
variable parameter of the problem is the ratio of the maximum wind speed in the vortex to the sound speed 
and is indicated on the 4 panels of the figure. This maximum is attained at the dashed circles In the 
figure; inside the circle, wind speed varies approximately as the radius, while outside, it falls off 
nearly as the inverse radius. This problem is further discussed in another paper (GEORGES, 1972). 

Figure 3 shows schematically how anisotropy and nonreciprocity introduced by winds affect ray 
propagation in acoustic sounding of the troposphere. In general, refraction alters the location of the 
scattering volume, the scattering angle, and the magnitude. of the Doppler shift. GEORGES and CLIFFORD 
(1972) further analyze refractive effects in acoustic Bounding. 

5. ILLUSTRATIONS OF APPLICATIONS - INTERNAL GRAVITY WAVES 


Because ray paths of Internal gravity waves are much more difficult to develop intuitive feelings 
for than are acoustic waves, one tends to use a ray-tracing program much like a new experimental tool: 
Internal gravity ray paths, even in simple wind and temperature fields, often exhibit unexpected behavior. 
An example is provided by the simple case of gravity-wave propagation in a region of linear temperature 
gradient. Figure 4 shows two gravity-wave rays launched upward and downward in such a temperature profile. 
An explanation of the cusplike reflection behavior can be found by considering the direction of the 
normals t.o the conBtant-w/ud) surfaces in the £ plane (figure 4 inset), which indicate ray direction. 

Waves launched in a horizontally stratified medium must maintain k x constant as they propagate; therefore, 
as temperature (and thus u^) changes, one estimates changes in ray direction by sliding up or down a 
vertical line through the diagram and noting the resulting changes in direction of the surface normals. 

For example, a ray whose phase fronts are launched downward and that propagates upward into increasing 
temperature (increasing w/t^) experiences a gradual rsy steepening until k z -*■ 0 when ray direction 
abruptly reverses, executing the cusplike reflection (not a true mathematical cusp) depicted in figure 4. 
The level of reflection of a gravity wave depends only on the value of k x and can be found by setting 
k z ■ 0 In the dispersion relation, giving the minimum value of Wfc/u) for a given k x : 



where 


n x = C V‘“ ’ (10) 


Figure 5 illustrates how internal gravity waves may be ducted in a temperature minimum. Evidently 
the vertical propagation of Internal gravity waves tends to be restrained in the presence of temperature 
gradients, regardless of whether temperature increases or decreases. ECKART (i960) shows ray paths that 
display this behavior. 


Because intcrnal-gravity-wave phase speeds are considerably slower than those of acoustic waves, 
gravity waves interact much more strongly with atmospheric wind fie/lds than do acoustic/waves. Gravity- 
wave ray paths in a linear wind profile of gradient 0.1 m/s/km ser\e to illustrate that/ nature of the 
interaction. Figure 6 shows five gravity-wave rays launched downwind. Each wave eventually reaches its 
own "critical level," i.e., where the wind speed equals the horiz/ntal trace speed of/the u 
wave approaches an asymptotic condition in which the wave vector /tends toward vertical and phase velocity 

Gravity waves munched upwind exhibit a quite different /jehavior, as illust/ated in T’.ftJir' 7. 
ray is refracted upvtxd and is eventually turned around by th^wind shear. In th^s example, /he azimuth/ 
of K Is at a 45° angle with y, and lateral ray deviation alscy occurs, as illustia/ed in tht j/lan view it< 
figure 7. / 







6. CONCLUSIONS 


Those few examples illustrate the capabilities of the 3D ray-tracing program in simple model 
atmospheres and shov some ray path properties that, as yet, have not apparently been appreciated. 

It is expected that the program's capabilitys will be refined with use and in response to user 
needs and suggestions. Such suggestions are, of course, welcome. 
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ACOUSTIC WAVES IN 1962 U.S..STANDARD ATMOSPHERE 
f = 300H7.; Logarithmic Wind Profile : u=IOm/s at 1 km 
Elevation Angle Varies from -20° to 200° in 10° Steps 



1100 kmj 


ig.l Acoustic v/aves in 1962 U.S. Standard Atmosphere temperature profile and a wind blowing to the right 
and increasing logarithmically with height. 















NONRECIPROCITY 
IN ACOUSTIC-ECHO SOUNDING 
ISOTHERMAL ATMOS. 

* 30 m/s«c/km 


Fig.3 Acoustic ray path in an acoustic-sounding geometry illustrating nonreciprocity in the presence of wind shear. 


INTERNAL GRAVITY WAVE IN LINEAR TEMPERATURE 
GRADIENT of ♦2«K/fcm, No Wind. 

A* INro; t= 530««c, A * t 40* 



Fig.4 Internal-gravity ray paths in a positive linear temperature gradient, illustrating cusplike reflection of the 
upgoing ray and the asymptotic approach to Horizontal of the downcoming rays. 










Temperoii 




internal gravity wave 

IN WIND SHEAR OF O.lm/sec/km 
and 


TEMPERATURE GRADIENT O.l °K/km 
X = 10 km; r= 475 sec; <£ = -50° 




Fig.7 Three-dimensional ray path of an internal gravity wave propagating upstream in a linear wind profile. 
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CREATION fcT PROPAGATION D'CNDES SONDRES ENTRE 
L'IONOSPHERE ET LA BASSE ATMOSPHERE 


par 


SOWAIRE 


Differents processus physiques engendrent dsns la basse atmosphere, des- ondes sonores a 
des frequences infrasoniquts (pSriodes oscillatoires > 1,0 sec,), Parmi leB sources typiques :e ces 
oDdes sonores, on peut citer les explosions volcaniques, leu tremblements de terre, lea groa orages, 
et les ondes de choc cr^Ses par des vehicuJ.es se deplajant A des vitesseB supersoniquen, Dans l*io- 
nosphdre, les phenom4nes crSateurs d'infra-sons conqprennent les dechargec auroroles, ainsi que leu 
ondes de choc provoquees par des satellites ou des meteorites Svoluact a des vitesses supersoniques, 
Houa presectons les resultata d'unc analyse portant sur la production u'ondes sorores et leur propa¬ 
gation descendante dues aux effete d'echauffement des decharges aurorales, ea particulier dans le cas 
des ondes se dtplaqaiit. a des vites' as supersoniques parallSlement 4 la surface de la terre, Les on¬ 
des "de choc" de ces decharges se propagent selon une fajeetoire descendante 4 forte pente * leur 
perte d'euergie, due 4 I'absorption par viscosite et 4 la conduction de la chalour, eat t.rds faible, 
On les observe frequenaent dans des stations infrssoniques situees aux latitudes eiev6es, Une esti¬ 
mation de l'echauffement auroral est tiree de la puissance des infra-sons observes a la surface de la 
terre. 
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GENERATION AND PROPAGATION OP SOUND WAVE3 
BETWEEN THE IONOSPHERE AND THE LOWER ATMOSPHERE 

Richard K. Cook 
National Bureau Standard* 

Washington, D.C. USA 


SUmARY 

Various phjaioai prooessea generate sound waves at lnfrasonlo frequencies (osolilatlon period* > 

1.0 sec) In the lower atmosphere. Some typical aouroes are volcanic explosions, earthquakes, severe 
storms, and the shook eaves from vehicles moving at supersonic areeds. In the Ionosphere, sources of 
infraaound Inolude auroral discharges and shock waves from satellites and neteoritee moving at supersonic 
speeds. We present the results of an analysis for the generation of sound and propagation downwards due 
to the heating effects of auroral discharges, particularly those traveling at supersonic speeds In direc¬ 
tions parallel to the earth's surface. The "shook'' wave* from such discharges are propagated steeply 
downward with very little loss of energy from absorption by viscosity and heat conduction, and are 
frequently observed at lnfrasonlo stations located at high latitudes. An eatlsate of auroral heating Is 
derived from the observed strengths of Infrasound at the earth's surfaoe. 

1. Introduction 

The aurora borealis gives rise to two types of lnfrasonlo waves found In the atmosphere of the 
northern hemisphere at temperate and high latitudes. The ftrat type Is found at mid-latitudes during 
sufficiently strong magnetic storms even In the absence of a visible aurora at the geographical location 
of the Infrasor.ic station. The second type of Infraaonlc wave, found near the auroral oval at high 
latitudes when visible sharply defined auroral forms travel overhead aoroa* the station location at 
supersonic speeds has directions of propagation and horizontal trace velocities very nearly the same os 
those of the visible auroral form. We shall develop and examine the consequences of a 1'vpothesls that 
the second type of lnfrasound is generated by Ionospheric heating caused by auroral electrical discharges. 

The latter type of Infrasound has been regarded as an acoustical how wave In the Ionosphere (Chlmonas 
and Peltier, 1970). The bow wave Is presumed to be generated by the eleotrojet 11ns current of the 
auroral form. In supersonic motion perpendicular to Its own length, and moving parallel to the earth's 
surface. The question Is left open by the authors aa to whether the Joule heating In the electrojet, or 
the Lorentz force on Its moving charges, gives rise to the bow wave. 

In the analysis given below we start from the rather different assumption that a thin plane aheet 
of the vertically descending Ions forming an auroral are generates a uniform amount of heat per unit area, 
oaualng a practically Instantaneous rise In temperature _T of the atmosphere, and causing as well the 
visible auroral discharges. 

1.1 Measurement of auroral Infrasound 

The electroacoustloal system used at an lnfrasonlo station typically consists of an array of at 
least four microphones, associated electronic fllter-smpllflera, and recorders. The system Is designed 
for use aa a steered array. Five characteristics of lnfrasonlo waves passing through the station area 
are determined: (l) the amplitude and waveform of tho lnoldent sound pressure, (2) the direction of 
propagation of the wave, (3) the horizontal trace velocity c h , (4) the distribution of sound wave energy 
at various frequencies of oscillation, and (5) the time of —occurence of the infrasound. 

The microphones are located at ground level, approximately in the same plane, und on the average are 
about 5 km apart. Sec Figure 1 for the station at Washington D.C. Those located near the auroral zone 
have sIraliar configurations. Fuller details on the measurement of Infraaound have been given (Cook and 
Bodard, 1971), and a general suamary of the observations made at several str.tiona of an lnfrasonlo network 
has been published (Cook, 1969). 

1.2 Results of measurements 

An extensive series of observations has been made (Wilson and his associates, summarized by him, 
1971). on the inx'rnsound associated with auroral activity. His measurement system Is essentially the 
same as that described above. Host of the Infraaonlc events are wave packets wnloh rise suddenly out of 
the noise and last for only a few cyales. The Infrasound Is apparently generated by visible sharply- 
defined large-scale auroral arcs tiavellng overhead at the lnfrasonlo station at supersonic speeds. Many 
of the observations were made at the Infraaonlc station at College, Alaska, supplemented by data from 
temporary stations at Palmer. Alaska and Inuvlk. Northwest Territories. A brief summary of the basic 
conclusions from the data Is: (a) the average horizontal trace velocity Is supersonic, c ~ 313 m/eec; 

(b) the transient pulses of sound have about the same direction or propagation and velocity as fast- 
moving auroral arcs overhead at Alaska, measured with an all-sky camera; (c) the dominant period of 
oscillation is about 20 sec; (d) peak round pressure is typically 3 dyn/cm ; and (e) each pulse Is 
of only a few minutes duration. 

The observations of Infrasound at the surface of the earth and of the visible auroral form with an 
all-sky camera can be explained by means of Wilson's shook wave model, in which the aupersonlo motion of 
the leading edge of an auroral arc gives rise to an acoustical shock wave (Ses Figure 2). The lower edge 
of the aurora serves as a line source (perpendicular to the plane of the paper). A particular pulse 
arrived at the ground station microphones 1*20 sec after an auroral arc passed overhead. The 1*20 sec delay 
corresponds to a source altitude of 1<*0 km for an assumed average sound velocity c -■% 300 */sec for the 
pulse during Its passage downward through the atmosphere, and measured c. 680 m/sec. This altitude 
Is to bo ctrapared with the known eights of visible auroral arcs, which it! most Instances have streamers 
extending from 110-km to li*5-km altitudes. 
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the lower edge of 


lupersonically movin: 


plane sheet., where 




ontlnuity, 


The first step Is to find the downward-traveling end upward-traveling plane sinusoidal sound wsves 
accompanying a plane wave, having a sharp lower edge, of sinusoidal variations in pressure. The letter 
travels at the auparaonlc speed Me and has time variation of exp (i<«t) In the upper half of the x-t 
plane. Figure 3 shove the geometry or the three plane waveB, whose surfaces of constant phase are par¬ 
allel to the jf-axls (perpendicular to the plane of the paper). 

Supersonic pressure wave: 

p m A exp i(tnt - k„x), when z ^ 0 

«■ 0, when t < 0 

Downward traveling sound wave: (1) 

p d - B exp i(u)t - k 0 x + k^z), e < 0 

- 0 when r. £ 0 

Upward traveling sound wave.* 

p u » C exp i(u>t - k 0 x - k 2 z) , when r. ^ 0 

- 0, when z < 0 

2 2 4 

The magnitude of the wave number vector for both sound waves is k ■ (k„ + k z )* “ w/c. Also k 0 ■ ai/Mc, 

and so k t - (te/e) (1 - 1/M 2 ) 2. 

The amplitudes B and £ of the two sound waves are found from the following boundary conditions at 
the lower plane boundary z » 0: the sound pressure is continuous across the surface, and the perpen¬ 
dicular (z) component of particle velocity is continuous. The result is 

B - A/2, C - -A/2 ( 2 ) 

The downward-traveling wave B bau the same phase as the incident supersonic pressure field A and the 
upward traveling sound wave £ differs in ohase bylT from A and B. 

Each sinusoidal pressure component of the incident plane-sheet heat source (causing the Jump Increase 
Ag in pressure) has associated with it a sound wave traveling downward with rhe same phase and half the 
pressure amplitude. The sinusoidal components taken all together (the spectrum) make up the Fourier trans¬ 
form of the heat source's transient waveform. The spectrum of the sound wave is exactly the same as that 
of the he.it source, and therefore the temporal waveform of the transient sound wave will be «xactly the 
same as that of the Incident heat source, except that Its p.esaure will be one-half as great. Similarly 
the upward-traveling wave will have its waveform the asm* as that of the downward-traveling waveform, 
except Chet: its pressure changes will be opposite in sign: nee Eq, (2). 

3. Pressure and temperature jumps in the ionosphere 

From the observed Infrasound at ground level we can make an estimate of the .onospherlc heating, 
baaed on the foregoing anal/sis. 

He recall first that the sound pressure in a plane wave traveling through the atmosphere varies as 
\T? (P • local atmospheric pressure). Suppose the auroral discharge sheet has its lower edge at a geo¬ 
metric altitude of 1)0 km. The pressure there ia P - 10‘ 7 x (pressure at ground level)-, (U.S. Standard 
Atmosphere, 1962). The r und pressure measured at ground level is twice an great as that in the downward 
traveling wave, due to the almost perfect reflection of lnfraaound at rhu earth's surface This combined 
vit'-i Eq. (2) leads to the net conclusion that the estimated increase in pressure Ajp, behind tne super¬ 
sonically moving auroral discharge sheet la 6p ~ 3x10-* (observed Infrasonlc pressure). 

The pressure increase urines from heating due to the auroral discharge, and so we finally arrive at 
rhe following formula for the heating H (in watts/m 2 ) caused by the supersonically moving discharge sheet. 

W - (C v /R) ApMc - > 6p Me (3) 
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Figure 1, Location of line-microphone*, *11 at ground level, at the infrasonfcs 
station In Washington, D, C. Recordings are made at the Buro site. 



Figure 2. Acoustical shock wuva caused by supersonic motion of the leading 
edge of an auroral form. 
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UN MDDELE D* EXCITATION D'ONDES ACOUSTIfUES LT UE fRAVIlE 
PAR FLOTTABILITE DES MASSES D'AlP ASCENUANTES fcT OSCILLANTES 

par 

A. Pierce 


SGMWURE 


Un raodile math6matique aasez g6n£ral eat mis au point qui permet. d'6tudier l'excitation 
d'ondea acouatiques et de gravity par des masses d’air aaeendantes et oscillantes, Lea sources 
aont d'abord decrites par des distribution de quantit£a de la dynamique des fluides sur une sur¬ 
face ferm6e mobile, I/analyse montre ensuite que, en ce qui concerne la production d'ondea, cea 
distributions auperficielles aont Squivalentes a des sources ponctuelles concentr6eB,BituAes au 
centre du volume. Lea Equations d'ondea linSarisees et non homogenes, qui en rgsultent sont obte- 
nues par derivation et rtsoluea par lea fonctions de Green, Le cas d’une at.moaphdrique iaotherme 
est Studio en detail. 







A MODEL FOR ACOUSTXC-CKAVITY WAVE 
EXCITATION BY BUOYANTLY RISINC 
AND OSCILLATINC AIR HASSE S 


Mian D. Plarce 

Department of Mechanical Engineering 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02.139 


SUMMARY 


A somewhat general mathematical model la developed for the study of the excitation of acoustic-gravity 
waves by rising and oscillating aiv masses. Sources are initially described hy distributions of fluid 
dynamic quantities over a moving closed surface. Analysis then indicates that insofar as wave generation 
is concerned, such surface distributions are equivalent to concentrated point sources nt the center of 
the volume, the reuulting linearized Inhomogeneous wave equations are derived and solved In terms of 
Green's functions. The case of an isothermal atmosphere is discussed in some detail. 

1. INTRODUCTION 

The purpose of this paper is to present a general mathematical framework for examination of the 
possible mechanisms by which buoyantly riaing and oscillating air masses may excite acoustic-gravity 
waves. Such rising air masses may occur naturally via cumulus convection (Scorer, R.S., 1957) or as a 
byproduct of large man-made explosions (Sutton, O.G., 1947; Tay.lor, G.I., 1950). The speculation that 
buoyant rise may excite detectable lnfrusonlc waves haa been mentioned frequently in the literature 
(Pierce, A.D. and Coroniti, S.C., 1966; Jones, W.L.. 1970; Tolstoy, I. and Lau, J., 1972; Warren, F.W.G., 
1960) and would seem to be the most plausible explanation of the anomalous oscillations at Ionosphere 
level observed during thunderstorm activity (Georges, T., 1968: Davies, K. and Jones, J.E., 1970; Baker, 
D.M. and Davies, K., 1969; Detert, D.G., 1969). In addition, baric theoretical conslderatIona (Tolstoy, 
•I. and Lau, J., 1972) suggest that buoyant rise is the source of the early arriving ultra low frequency 
waves detected at ground level (Tolstoy, I. and Herron, T.J., 1970) following the detonation of low-yield 
low-altitude nuclear explosions. 

The development of a theory regarding the means by which buoyant processes may excite waves is as 
yet in its early stages. While a considerable literature exists concerning convection and buoyant rise 
(see, for example, Rohrlnger, G., 1963; Levine, J., 1959; Lilly, D.K., 1962; Jtommel, H., 1947, 1950; 
Richards, J.M., 1970; Malkus, J.S., 1952; Davies, R.M. and Taylor, G.I., 1950; Scorer, R.S., 1957; Morton, 
B.R., Taylor, G.I., and Turner, J.S., 1956; Turner, J.S., 1960, 1962a, 1962b, 1963, 1964, 1966; Scorer, 
R.S. and Ludlam, F.H., 1953; Slawson, P.K. and Csanady, G.T.. 1971) the bulk of It does not explicitly 
consider the possible generation of waves. Considerable work has been done, however, on the excitation 
of internal waves bv a rigid body moving at constant speed through a stratified fluid (Warren, F.W.G., 
1960; J.ighthill, M.J., 1967; Mowbray, E.D. and Rarity, B.S.H., 1967; MacKinnon, R.F., Mnlley, F., and 
Warren, F.W.G., 1969). Some work has also been done on wave generation by rigid bodies oscillating at 
constant frequency (Gortler, H., 1943; Movbray, D.E. and Rarity, B.S.H., 1967; Hurley, D.G., 1969). 

The only detailed theoretical analysis of which the present author is aware, apart from numerical 
simulation experiments (Greece, J.S., Jr. and Whitaker, W.A., 1968), which explicitly considers acoustic- 
gravity wave generation by buoyant rise la that contained In the recent paper by Tolstoy and Lau (1972). 





























what 


ut tha s axis. The net mass M, vertical wotasntum II, and energy E of the Base within the volume V ei 
led by S will In general change with time. One possible contribution, for example, would cose from 
transport of particles across the surface S In terms of the total density p, pressure p, end flul 
ocity u within the volume, the total mass, vertical momentum, and energy of the volume may be conslc 
i as being defined, respectively, by the equations 


If P u x + p/(y - 1)] dV 


:hat p/(y - 1) Is the Internal energy per unit volume of an Ideal gas of specific heat ratio y (1.4 
r). The so-called gravitational potential energy does not enter lr> Eq. (lc) since we elect here c 
ier gravity as an external force. 


Ion laws of compresalble fluid dynamics (see, for example, 


, L.D. and Llfshitx, E., 


i of change of each of the s 


j- + Mg - - Ipu (u - v ) • n dS 


S+.H-- f[ip u 2 


: pointing out of the surface, while v 


Effective Source Terms. 


i the density of some quantity and 1 la the curt 
caused^by the presence of gravity. Let V’ bo e 























containing Dirac lea functions are formally equivalent if integrals over the product of each with an 
good function £(r) give the same value (see, for example* Llghthill, M.J., 1958), Our starting point i 
therefore the integral 


J - f(t - Ev n > * £ «(C - C 8 ) f(?) dV (7a) 

- |(i - ev ( * • £ f(r) dS (7b) 

where, in the first expression, the volume integral extends over "all space" and, in the oecond (equiva 
lent) expression, the surface integral ijj over the surface S ourrounding the excluded volume V. In 
Eq. (7b), we next expand f(r) about r - r , such that 


f(r) » f(r c ) + (£ - £,) • (Vf) r + ••• . 

If this is Inserted into Eq. (7b), we find 

J - J Q f(£ c ) + 1 J u Of(£)/SXj) r + ••• . 

J Q - | (I - e£ n ) • £ dS 

J li " jrf ~ * " ( *i “ Jt ci ) dS ‘ 


( 8 ) 


(9> 


(10a 

(10b 


One may note a?»o that one would get 


Eq. (9) if 





















■priori state. the Influence of the successive terms would appear to decrease, however. In magnitude as 
R/X where K Is the "radius" of V and X la a typical wavelength. In the remainder of tills paper, we as¬ 
sume that u truncation at the first order (dipole) term is permissible. Thin does not necessarily ex¬ 
clude tha "quadrupole sources" frequently encountered In aerodynamic sound (see, for example, Lighthill. 
N.J., 1952) alnce a force dipola la formally equivalent to a mass quadrupole in the neglect of gravity. 

On the basis of the preceding analysis, we here write the governing aquations of compressible flow 
for B»tion outside tha volume V. In each case, we make appropriate Identifications of E , I, and T^. 
The resulting equations are 

f + V * <’“> - S M 

+ £ w~ + + P8 ** * \ o*t>) 

pu 2 + —+ V « {(i pu 2 + - ~^- y]u) + pgi" z - Sg (14c) 

S K ' S Mo 6(r> " ? c> " S Ki J l~ 6( * r " ? c> + "■ U5a) 

S Mo “ K dS <15b) 


S Mi " | ( V ( *t ‘ X cl ) dS (15c> 

with analogous definitions for 5^ and Sg. Here 

<i M - p(I - v n ) • n (16a) 

J - pu(u - v ) • n + pn (16b) 

♦e " ( f °" 2 + 7^T ]( “ - %) * » + P“ * ■ • <»e> 

On comparison with Eqo. (2) one may note that 

S Mo " " dM/dt (17a) 

? no 1 -<*?/<!* - Mf?e z (17b) 

S Eo - -dE/dt - gE • e z . (17c) 

However, no such analogous simple identification is possible for the coefficients ■ * the dipole source 
terns. 

3. GENERAL SOLUTION OF ACOUSTIC-GRAVITY WAVE EQUATIONS 
3,1. Linearized Equations. 

in order to derive a general solution of the aero-hydrodynamlc equations (14), it Is convenient to 
restrict ourselves to low amplitude disturbances. It Is hoped that the resulting solution at distances 
outside the volume V will not be £oo different from what might be found were nonlinear terms Included at 
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5 a(? o " V (< T +G) 6(? 0 ' *c } 


where the superscript o implies operation on r and t and ^ Is the adjoint operator of . The 
spatial integrations in Eq. (28) may then be performei trivially. One may also achieve some additional 
simplification since 3G/3x » - 3G/3x, etc. In this manner, one derives from Eqs. (15a), (24) and (28) 
the following expression for p 


■ (1 - V>8 17-g* M 


, J 9 2 3 3 

• (r - 1) —7 - 8 + - 


- G(r - r [t J.t - t ) dt 


" 4i %(d i ' 2 h 4 i p 


with similar expressions for * and *_. Here 
quantities in the integral over are the ae 
horizontal component of the gradient operate-. 
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Fig.l Sketch showing coordinate system and stinosphc 


mod;! adopted in the present paper. 
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ONDES ADJUSTIQUbS El DE GRAVITE hT EFFETS Dh DIFFUSION 
/AJX LIMITES ATMlSFlIERIQUES 


par 


SOf+WlRE 


Ce papier discute une hypothftse formulae au cours de prfc6dents travaux (Warren et. Arora, 
1967 ; Warren et Mackinnon, 1969) relative aux conditions aux limites de la th«orie lin£aire des 
ondes acoustifiues et de gravity dans 1'atmosphere. II montre que l'on peut n6pliger presque entid- 
rement les efrets de diffusion aux limites, a condition que le nombre d'ondes vertical ne soit pas 
trap petit. Les rAsultats obtenus pour les ondes acoustiques et de gravity concordant qualitative- 
raent aver ceux obtenus par fanowitch (1967), mais les details different. On obtient une limite su- 
pgrieure du coefficient de inflexion pour les petits recibres d'ondos verticaux, L'auteur rappelle 
que ces rfsultats ne sent valables que si le libre parcours moyen aux altitudes felevtes est petit 
devani: la longueur d'orade horizon!ale. 
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Dll* paper discuaaaa an assumption nada In soma previous work (WARREN £ ARORA, 1967; WARREN £ 
MACKINNON, 1969) concerning the boundary conditions in tha linear theory of acoustic gravity waves in 
the atmosphere. It la shewn that diffusion effects at tha boundaries may for tha most part be ignored 
provided tha vertical wavenusfcer is not too small. The results for gravity waves agree qualitatively 
with those obtained by Yanowitdh (1967) but the details differ. An upper bound for the reflexion 
coefficient for small vertical wavenunfeer* is obtained. It is recalled that the results hold only 
ths mean free path at high altitudes Is small conpared with the horizontal wavelength. 
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a carried to very high altitudes while a 
rally, given a local transient excitatior 
i distribution of energy throughout the < 


s which radiate energy from the 
propagated virtually horizontal] 
asio problem la to estimate the 
f the atmosphere and to find tha 



the resulting momentum equations then read 

P o 3u/3t - -3p/3x + A3/3x(3u/3x + 3w/3z) + u(3 2 u/3x 2 + 3 2 u/3z 2 ) 

P o 3w/3t - -3p/3z + A3/3z(3u/3x + 3w/3z) + |j(3 2 w/3x 2 + 3 2 w/3z 2 ) - gp. 

u and w are the velocity perturbations and p is the density perturbation from the mean p 0 , this latter 
decaying exponentially upwards in the z-direction. This decay is defined by B (a constant) through the 

(dp Q (z)/dz)/p o (z) - -B - -yg/a 2 - -g/c 2 . 

a and c are the adiabatic and isothermal (Newtonian) soixid speeds respectively, and A and u are the 
viscosity coefficients which are assumed to be constant throughout the atmosphere. It is sitqpler to 
retain A her* , rather than make the customary siipstltution A “ u/3. The equation of continuity is 
















































lp.q.u,p,T) - (p^lr), qjt*), UjCb), c^lz), Tj^(»J l® 1 

Mhar* the horiscwital wave nuutoer k and the frequency co are real, q is tl»e vertical displacement of an air 
particle eo that *r - 3q/3t. Dropping the euffix 1 thie leads to a eet of equatione for u, u', q, q', T 
and T' (the prime denoting differentiation upwards) namely 

i^'W/d* - (1 +<I + u’lufV - k 2 u _2 o 2 )u 4- (kufV 3 - iXk)q' - ku^T -Bkm'Vq, 

lKu" 1 dT , /d« " (1 4 iKorV)T - (Y - l)c 2 ku _1 u 4 (y - l>c 2 q' ( 

(g - id + uMdq'/dz - (c 2 ko) _1 - ifiOu' 4 T' - BT 4 gq' - (id 2 4 ipu.'k 2 )q. 

This system ia completed by the supplementary set dl’/dz - T', dq/dz » q' and du/dz » u' . Y is tho ratio 
of specific heats for air and 

(K, X, Z) - <K,X, u)e 0E /p o (O), 

where p (0) in the density of air at some standard level (say sea level) . it should be recalled that, the 
differential operator d/dz (whidi will also be represented by D) i- augmented when passing through these 
modified forms of the diffusion coefficients e.g. 

D(KT) - d/dz(KT) - MB 4 d/dz)T - MD 4 8)T. 

So the governing system is of order six (as might be •'xpucted) whidi possesses six linearly Independent 
solutions, say 

<V u.\ q it q i 1 , T., T^). i - 1,2,. ...fc. 

The nature of these may be found in several ways but here it is convenient to proceed by a methodical 
elimination of all the unknowns save the temperature perturbation T. This leads to the temperature 
equation Xt “ 0, withX - oC^ - where 

- ((D - B) (D - 26) - k 2 4 w 2 c -2 ) (D(D - 3) - k 2 4 u) 2 c“ 2 ) 

((D - B) 4 (Y - 1) _1 (1 - iu 2 .o' 2 )D(l - iK(D 2 - k 2 ))), 

Z 2 - YW 4 (y - l)"V 1 «" 2 l<<D - B) (D - 28) - k 2 4 W 2 c' 2 ) 

(i - gnu* 2 ) - i(D 4 B) (D 4 20) - k 2 4 id 2 c~ 2 ) iu(D 2 - k 2 )], 

t 3 - (14 ilk 2 - iy(D 2 - k 2 )) (1 - iic(D 2 - k 2 )) - a 2 kV 2 |l - iy^MD 2 - k 2 )) 

4 (Y - 1) -1 <1 - iiD 2 c -2 X)D(l - AK(D 2 -• It 2 )). 

Once T is found, the other phyrieal variables are given through the relations 

Y [a -2 (1 4 ilk 2 - iX(D 2 - k 2 ) (1 - iK(D 2 - k 2 )) - 1 c 2 id _ 2 <1 - iKY _1 (D 2 - k 2 )) ] T 

- (y - 1) (gkV 2 - (1 - iu(D 2 - k 2 )D) ]q, 
giving q, and the pressure is given by 

P * 0 Q [gq 4 (y - l) _i (Y - iMD 2 - k 2 ))T], 
while the horizontal velocity perturbation tt is given by 
u)k~ 2 (Dq 4 y(Y - l) -1 a _2 (l - iK(D 2 - k 2 ))T). 

Finally density changes are given by 

p - P o (Yga~ 2 q 4 y (Y ~ l)a" 2 (l - iK(D 2 - k 2 ))TJ. 

These equations provide the analytical basis for the discussion. The next section considers the form of 
the solution at high altitudes. 

3. Some properties of the solutions at large heights 

An examination of the operator X. in the temperature equation Jf.T » 0 shows that it may be written in 
the following form: 

2. - (-ice Bz ) 3 A n (D - a,) 4 (-ice 0Z ) 2 B n (D - b.) 4 (-ic:e 8Z )C n (D - c ) 4 n (D - d.) . 

i-1 , i’ 1 i" 1 

The first product occuring here (associated with e ) equals 

((D 4 3B) (D 4 2B) - k 2 4 u> 2 c~ 2 ) ((D 4 •’B) 2 - k 2 ) ((D 4 B) 2 - k 2 ) (D 2 - k 2 ) , 
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5-3 


i made which throws the T-«quation Into the form LT « 


i, ~ A n (6 + 2a.8~ 1 > + B<8 4 /16) l/ V n (0 +2b.B~ A ) + C(8/2) 2/3 v 4 n (ft + 2c.B“ l ) 

i-1 1 4 i-1 1 i«i 1 

+ y 6 n (0 + 2d 8 _1 ) , 
i-1 

where 0 denotes yd/dy. In chia fora of the equation, high altitudes correspond to small values of ly| , 
and emphasis is given to the fact that here the interaction of the di.ffusion processes, measured by the 
quantity 


i important than their individual effects which may be c 


Tiiis being the case, solutions at z - - may now be found from an examination of the behaviour near y - 0. 
Since the operator L is cf the eighth order, there are eight solutions to be founi, and six of these have 
their physical origin in the effects of interaction between the various diffusion processes. All the 
solutions have a regular singularity at the y-origin and in fact there are eight linearly independent 
Frobenious-tyoe solutions. These are valid at heights corresponding to |y| < 1, that is at heiefrts 
greater than z Q , where 

e 3BR n - 16 u>(p o (o)) 3 /8 '’k(X + u)pa 2 . 

This is typically about ISO km. Above this level the rarefied atmosphere becomes increasingly viscous. 

Now the occurrence of eight solutions here shows that two spurious ones have been annexed during the pro¬ 
cess of forming the teiifierature equation. (This is unavoidable because of the previously mentioned 'shift- 
rule' property of 0 which comes into play during the elimination of u and q from the original sixth order 
set.) However they are readily exposed by a simple test. Thus the relevant indicial equation has elicit 
roots given by 


■> of these may be rejected. Thee 


) remaining six solutions, three more may be rejected by consideration of the express! 
stresses and heat flux at large heists. These contain terms like X3u/3z and K3T/3z, 
la gs are to be bounded at high altitudes , as the physical conditions require, then the 
lolutions are of the form T.(z) , j - 1, 2, 3, where 


- <k+B)l l T 2l o" Bni ♦ T o2 .z. Tl (z) 


principle may 
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(so that the amplitude behaviour in the vertical direction is exponential! this approximate solution ia 
fotmd tc be 

j | l/2-H/& a W/2-M)7. ^ e l/2+H/P e (0/2+M)a 

: e i/a-*/e. e B e H« )f > 0) 

in terms of the height z. Here, since is small, the term showing the smaller growth upwards ia 

dominant. This confirms the custonary selection made in inviscid theory in the case of imaginary 
vertical wavenumbers. 


When this wavenumber in real the choice is more difficult to stbstantiate. This is because of the 
possibility o:F reflexion mechanisms in the upper stratosphere and higher, arising from the ever increaring 
effects oi diffusion. Hern the tenuous gluey region above about 200 km. can act like a floating cushion 
which responds only to the more ponderous waves, the shorter ones being absorbed by it. In view of the 
analytical difficulties attached to the temperature equation, this suggests two approximation^ which can 
be nr.de. Firstly the absorption effects may be underestimated by the omission of the e and e terms. The 
remaining faun growing interaction term, proportional to e e J can then be expected to over-emphasise 
reflexion. On the other hand the terms of smallest influence below the incipient viscous levtal may be 
dropped, and the consequent i-etult w<ll under-es.timate reverberation because the e-term retained is of 
cmallfest Ufward growth. Apart from ome difficulties arising from the presence of the spurious isothermal 
wave operator, analytical solutions to the resulting approximate problems are readily obtained in terms 
of Meijer's G-function (Meijer, 1946). Apymptotic forms of G are given by Meijer. Thus crude but useful 
approximations may be obtained from 

[ic 3 e 3l3 *M (D - a.) + ii (D - d.) JT « 0, 
i-1 i=l 

6 4 

and [-ite Cn (D - c,) + II (D -• d.) JT - 0. 

i=l i=l 

Solutions to the first of these equations in Meijer's functions are 



where m and n are integers, O - m - 8 and O 


~V 3B 

-3^30 


)• 


If hero the independent variable z is replaced by y “ e the present meaning of m and n refers to the 

expansion of G about y “ O and y » «• respectively. At the y-origin (z = «■) the expansion of G contains 
a linear combination of m independent Frobenious solutions of the differential equation, while at infinity 
(m. ■* 0) the asymptotic expansion of G contains n linear polynomial solutions which are dominant provided 
m + n >6. The possible occurrence of isothermal wave solutions which were rejected from the original 
temperature equation new are to be admitted in the approximate solution, provided that no upward propaga¬ 
ting type is present at low levels. This is because the same boundary conditions apply to both the 
original and approximate equations at these levels and in the approximate solution this allows only 
incoming isothermal waves. Further, the amplitude of these waves are to be small compared with the 
inviscid waves at low levels. In the acoustic spectrum it then follows that the appropriate solution is 
given by m • S and n • 3. This yields a low-level asymptotic 
£ l/2 j e itm/66 g imz + ^ a a e -nnv'60 e -imZj 


where the complex phase shift A^ is known and ha*:, positive imaginary part. Multiplication by e x 10 
now shows that the reflexion coefficient for an upward travelling acoustic wave is lass than 
exp(-irm/39). For gravity waves a similar argument holds, except that at high altitudes one spurious type 
solution showing an exponential growth upwards must be avoided. The appropriate solution is then of the 
form G^, which at low levels behaves like 

^1/2 ( e -itnv / 60 fc imz + ^^nnv’OO^-iniZj 


v’hore here A has zero Imaginary part. So the reflexion coefficient for gravity waves is also leas than 
e -W38. {It 9 ia r e cc .ned that the vertical phase propagation for gravity waves is downwards.) 


An exactly similar procedure may be followed through for the second type approximation, and again 
the spurious isothermal wave operator has to be reconsidered. If the absorption at the intermediate levels 
(120 km. - 180 km.) is relatively high, this approximation can be expected to yield satisfactory results. 
Here the reflexion coefficient is found from solutions of the farm 


mvn+1. -1.-2 


where the choice of m and n depends upon the nuntoer of coefficients c ^ which Wave positive real part i,e. 
depending on the decay or growth behaviour of tire approximate solution at large heights. Detailed results 
of this second approximation await computation. But tire first gives a bound for the reflexion coefficient 
wlridr is sufficient for tire present purpose. 


The above results confirm that reflexion may be ignored except for waves whose vertical wavelength 
is very large collared with the scale height 6 . This inplics that an inviscid model which has an iso¬ 
thermal upper layer can accurately simulate an atmosphere with a high altitude viscous region. For in 
both models all waved with a vertical exponential behaviour decay upwards without reflexion while thoce 






nature. Vis coon inflexion then can no longer be expected for organised flow no longer exists, an 
estimated upper bound for the reflexion coefficient becomes misleading. This of course would enh 
further the argument for the use of a model with an ' isosphcre' for lower level acoustic gravity 
problems. Its position and temperature would depend upon the spectrum of the excitation. Some c 
a change of tills position have been investigated numerically by MacKinnon (1970) . 
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MECANISME UE PRODUCTION D'ONDES AURORALES INFRASONIQUliS 


Claries R. Wilson 


Sonmaire 


La morphologic des sous • or ages (.'ondea inlra 3 bniqueB auroroi.es (OIA), telle qu'on a pu 
la determiner a partir d'observations inYaaoniques effectuces a Inuvik (68,4°N), College ( 6 U, 9 °Ii) 
et Palmer ( 6 o, 8 °N > 5 le long d'un mSridiei magnetique passant a travcrs 1'Alaska, rfivele gu'on ne 
voit jamais lea OIA se propager en direction du pole, en dgpit du fait que lea activites auroreles 
cbeerveea apparaisaent i"vSquemment au sud des stations. On a pu montrer que les OIA sent dec ondes 
infraconiques d'accompagnement engendrtet par der mouvements supersoniques d 'arcs d'electrojet au¬ 
roral diriges vers l'cuest, 1 'Squateur ou I'est, 

I)es exemples particuliers d'eapansions nur-rales en direction du pole, passant au zenith 
d'lauvik, ont €te Studies, On a dScouvert que des mouvementa d'arcs, avsc forts electrojets, s'ef- 
fectuant en direction du pole, meat a des vitesscs supersoniquee 6 jevtes, ne produisent pas d’ondes 
d'accompagnement infrasoniqtes. Lorsque s'effectu* un renversement de la direction de 1'expansion 
vers le pole, et que les arcs, par suite, se depiacent- en direction de l' 6 quateur, on observe de 
forte* OIA d partir dea arcs, Cette asymitrie dans 1'appar.ition des OIA per rapport 6 la direction 
du mouvement d'un arc est interpretce come uue asymetrie iutrinseque du aecanir.oe de producti.cn a. 
i'intSrieur dea arcs auroraux, et non comme un effet <le propagation. On pose en postulat que 1'im¬ 
pulsion acoustique de base a 1 'intSricur des arcs d' 6 lectrojet est crSee par des collisions avec le 
gas neutre des ions positifs entralnes par la derive electrodynamique qui se produit dans la region E 
de I'arc auroral. Ainsi, la force de Lorentz est le aecanisme ds couplage entre les perteurs du cou- 
rant d'Slectrojet et le gaz neutre, Un processus d'ionisation-collision a lieu A l'ir.tsrieur des arcs 
auroraux, pour les arcs qui se dfiplacent a des vitecseB supersoniques clans une direction purallele 
a cell* de la derive d'ionisation par les neutres, L'^ugmentation de density ionique qui en results 
pour cep arcs riduit la constante de temps pour la derive des ions, de aorte que le couplage pir la 
force dc Loreutz a pour effet de produire une oricie de choc infrasonique. 

Si la translation supersonique de la nappe primsire aurorale d'electrons pr‘■sente une com- 
possnte de mouvement parallele au corn ant electrodynamignis des it ns positifc une onde de choc au¬ 
rorale infrasonique se produit dans la region E de 1 ,; losphdre et se propage vers le sol sous for¬ 
me d'une onde de choc modifiee ou onde d'accompagneme , Si, par centre, le mouvement des arcs au¬ 
roraux eat actiparalJile d la derive des ions positifs, il ne se produit pas d'OlA, 
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SUMMAR Y 


The morphology of aurov.il infrasonic wave (AIW) substoncn, os determined from infrasonic. observa- 
ticno at Inuvik (68.4"N), College (64.9*N) and Valuer (£0.8*N) along a magnetic meridian through Alaska, 
snows that AIW are never ooservai propagating In a poleward direction even though auroral activity fre¬ 
quently occurred aoutn of the stations. AIW have been shown to be lnfraoonlc bow waves generated by super¬ 
sonic westward, eouatorward or eastward motions of auroral electrojet arcs. 

Specific examples of auror.J poleward expanoions which cress the Xnuvlk. zenith have, been studied. 

Xt was found that even highly supersonic poleward motions of arcs with strong el.ctrojets do not produce 
infrasonic bew wavoe. When a reversal. In direction of the poleward expansion occurs and the arcs subse¬ 
quently move equotorward, strong AXW are observed from the arcs. This asymmetry In the occurrence of 

AIW with reupect to direction of notion of an arc is interpreted as an intrinsic asymmetry in the genera¬ 

tion mechanism within the auroral a~cs and not as a propagation effect. It is postulated that, the basic 
acoustic pulse within the electrojet arcs is caused by collisions with the neutral gas of positive ions 
that are driven by electrodynaaic drift in the E region of the auroral arc. Thus, Lorentz force is the 
coupling itecharilsm between the electrojet current carriers and the neutral gas. An iooi cation-collision 
process occurs within the auroral arcs for tbose area that are moving supersonically in k direction 
parallel to the direction of the neutrnl ionization drift. The resulting Increase In Ion density for 
such arcs reduces the time constant for lon-drag so that the Lorentz force coupling is effective. In pro¬ 
ducing an infranonic shock wave. 

If the supersonic translation of the primary auroral electron sheet has a component of motion paral¬ 
lel to the elnctrodynamic drift of the positive ions, then an auroral infrasonic shock wave will be pro¬ 
duce i In the F. region ionosphere and propagate to the ground as a modified shock or bow wave. It', on the 

other hand, the auroral arc motion is anti-parallel to the drift o' the ovciitive ions, then no AIW will 

be produced. 

1. INTRODUCTION 

Ground observations of atmospheric pressure fluctuations In the auroral zone at College, Alaska have 
been used to show that lr.frasonlc vaver are produced by supersonic motions of auroral tree (Wilson and 
Nichparenko, 1967; Wilson 1969a). The prensure disturbance propagates to the ground as a bow or modified 
ohock wa\a.. Constructive interference of the acoustic pulses generated in the E region of auroral arcs 
cause the formation of the bow ware as the veil of precipitating curoral electrons sveeps across the sky 
at supersonic speed. (Wilson, 1967; Chlmonas and Peltier, 1970). For the direct wave iri the "front-shock" 
region (see Wilson, 1969c> the delay time between zenith passage of the auroral arc and reception of the 
auroral infrasonic wave (AXW) at the ground is six to eight minutes. For an isothermal atmosphere with 
no winds the horizontal trace velocity V of the AIW Is equal In speed an 1 direction to that ol' the 
auroral arc (v^ - c Been where c Is the loot t speed of sound and a is the angle between the wave normal 
and the horizontal). 

A good example of an AIW due to the zenith passage of a supersonic auroral arc. at College is given 
in Figure 1 below the all sky camera (ASC) pictures of the aurora. The pressure versus time traces from 
the four infrasonic microphones have been superimposed and time shifted to shew the coherent wave form 
of the AIW. The: AIW arrived from an azimuth of 48° with 460 ra/sec at. 0720 U.T. just six minutes 

after the aurora arrive! at Ihe zenith. All times in the paper are In universal time. Because of the 
complex structure of the auroral forms and the Impossibility of Identifying a particular "point" on the 
moving aurora, at best, only en estimate can be given for the auroral speed and direction of motion. The 
auroral velocity normal to the a c ,rom 0711 to 0715 was 980 m/sec with $ = 50°. Zenith crossing time of 
the uupersonic arc Is also <•’. c-vn In Figure 1 by the sudden Increase to coaric noise absorption on the 
College riometer at - 07x5 and by the reversal from minus to plus of Z, the vertical component of the sur¬ 
face magnetic perturbation due to the electrojet within the arc. The actual values for H and Z in Figure 
1 at 0 V 00 were - 240y ana -90y respectively due to the presence of the westward flowing c.uroral electrojet 
n rth of College ut that tine. H and Z were set equal to zero at 0700 In Figure 1, however, to show only 
themagnetic effect of the supersonic auroral electrojet arc shewn in the ail-sky photogrephs. 

Morphological studies AIW of the type shown In Figure 1 have demonstrated the clear association 
between supersonic motions that develop during the expansive phase of auroral substorms and the generation 
of AIW (Wilson, 1969c). Further proof of the generation of AIW by auroral electrojet arcs that: are moving 
with supersonic speed In a direction transverse to their Ion- axeB have been obtained from a study of the 
rate of change of the latlc of the vertical to the horizontal component(d_(Bz/Bh)) of the surface magnetic 

perturbation due to the electrojet Hall current along the arc (Wilson, 1969b). The variation In the 
direction of arrival of AIW wltn local time has been related to the motion of type "F" (: o thasarathy and 
Herkey, 1965) auroral sudden cosmic noise absorption events as additional evidence connecting supersonic 
..uroral motions taking place within the auroral oval and the: generation of AIW (Wilson, 1970). 

Statistical results from 139 riHz auroral-radar backscatter measurenents made at Homer, Alaska by 
Star.foro Research Institute showed that regions containing radar-aurora that were In supersonic motion 






















































































The SSX euroral-radar itudtaa at Hour, Alaska of radar-aurora motions north of College have shown 
that the velocities of poleward expansions during the explosive or break-up phase of auroral eutmtorej 
can be measured using the Range - Time - Intensity records. Fremouw and Chang (1971) have found ..net 
even for poleward expansions with speeds as great as 2000 ra/sec no A1W are radiated In the polewnd 
direction, however, a few of the events studied with the 139 MHz radar suggested thut the radar .tu.y have 
detected auroial-backacattarlng plasma moving superoonlcally with the aource of AIW in an aouttorvard 
direction. 


AIW Generation Mechanism 


Before presenting a proposed generation mechanism for AIW, a summary of AIW characteristics wi ll 
first be given. These following characterlstlca refer to an infrasonic signal from an auroral arc that, 
has passed over the observing station. The AIW to be described Is thus a direct wave (Wilson, 1969a) in 
the "front shock" region (Wilson, 1969c). The AIW has not been modified by propagation affects In the 
sound channels or by the finite collision rate of the thermosphere, cr has not suffered phase inversion 
by reflection at the earth's surface, nor has it been split into multiple signals by multi.-pacli propaga¬ 
tion effects. 

1) A single infrasonic wave packet (with a pressure vb . time profile characteristic of a shock ptilao.) 
arrives at the surface traveling In a direction parallel to the motion of the overhead aupeuionic surer 1 
sourco with a delay time of six to eight minutes after zenith passage of the arc. 

2) The average trace velocity of AIW is 51C m/sec giving an angle a between Lhe wave normal ard the 
horizontal of about 50° 

3) The average period (duration of the first pulse) of AIW is about 20 sac, giving a scale siie, L « 

TV a , of about 1.2 km for the source If the auroral velocity Is mach two. 

A) The phase of the pressure pulse can be either positive or negative for AIW that ore dun to southward 
moving supersonic aurorul arcs that contain a westward electrojet. 

5) Supersonic auroral arcs chat cause AIW have only westward electrojets which are line currents tiering 
along the auroral arcs. 

6) AIW ara only produced by supersonic westward and eastward propagating surges or by equattvrward moving 
supersonic westward electrojet arcs. The source motions are thus westward in tho evening, southward around 
midnight or eastward In the morning. 

7) No AIIJ have ever been observed at Palmer, College or Inuvik from poleward moving supersonic westward 
electrojet auroral arcs. No AIW at these stations have ever been observed propagating south-to-vuuth 
from any kind of auroral source. 

A great deal of observational evidence has shown chat, within the 0.3 dyne/cm 2 limit of de.tec*ability 
above the wind noise level, no AIW of the type described above are ever observed in association w±th any 
auroral phenomenon (when the source Is within the field of view of the ell «ky camera) other than oupar- 
sonlc motion of large scale auroral forms. Thus pulsations in auroral luminosity, "flaming aurora", 
rapid motion of rays along an arc, or the sudden appearance of nn auroral form do not produce detectable 
infrasound. They may however add to the general background infrasonic noise level observed during an 
AIW substorm. Nor do the magnetic fluctuations associated with auroral substorms, such as Pc-I ml.-ro- 
pulaatlons, sudden impulses, sudden commencements or giant pulsations, produce detectable intrasound. 

The electrojet magnetic perturbation associated with arcs can be related to AIW only because of the lateral 
supersonic motion of the electrojets. Thus there Is no detectable ir.fresoui.d radiated by the "turning 
on and off" of a stationary electrojet arc. However, traveling Ionospheric disturbances are cbought to 
be generated by such u mechanism (Blumen and Hendl, 1969; Chlmonae and Hines, 1970), 


The mechanism that has the required intrinsic asymmetry with respect to direction of .totlvn is a 
combination of Lorentz Force coupling (as proposed by Chlmonua and Peltier (1970) and called electro- 
dynamic drift by Martyn (1953)), and an Ionization-collection process suggested by Plddlngton (1963, 1964) 
to explain the source of sporadic E Ionization and Ionospheric winds and waveli This generation me.nnnism, 
ns explained below, is consistent with the observed AIW morphology. 


In the polar Ionosphere the neutral auroral ionization drifts under the Inflaeace^cf horizontal 
electric fields and the vertical geomagnetic fiej.d. In Figure 7 the election velocity V , the lor. 

f locity V and the neutral ionization velocity V n are shewn relative to the horizontal Iiectric field 
and the vertical magnetic field 2 directed into n the diagram. The three velocities are given below 
(Kato, 1965; Martyn, 1953). 
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The angles In Figure K are given by 
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reached the velocity $ , ir slab AX, ha* reached the velocity V - V after the arc has gone a distance 
X past the rJsb, At Win tine (t ■ X^/V ) tho neutral Ionization lnalab AX begins to travel with the 

u Or oral arc at the rpeed V of the arc. Now at X 2 the neutral Ionisation velocity In slab AX is gruatev 

than V . and thus greater than 7 . Therefore the neutral Ionization in slab AX, at X tend to over-tako 
the lofttaatlon In AX. at X . Thus all the neutral Ionization for L > X > X moyea toward the slab AX 
to furn a wall of neutral auroral Ionization that moves with the auroral speed V In a manner first pre¬ 
dicted by Flddlngton (1963). This buildup of a wall of auroral Ionization only occurs when V la moving 
in a direction that has a positive component which la parallel to the electrodynamic drift velocity V n> 

Referring again to Figure 8, consider Case IT wbjn V. Is antiparallel to V . This corresponds to a 
poleward expansion of westward electrojet arc where E la A dlrected southward. ¥he neutral Ionization 
drift velocity X , In slab AX. at a distance X from the leading edge of the arc ha£ a vel> city V . - 
and thus tends to leave the region of the supersonic arc with a Relative speed of 2V . Now the neutral 
lonlzatl< a at X, in slab AX. has a drift velocity V _ > V - - V . Thus tlye neutral auroral ionization 
in Si.a^ AX, teto ^.ive aw^y from that in a.ab AX? wlth n a relative speed V - V . Thus In Case II 

' here V is antiparallel to the neutral auroral Ionization tends to be de^reasea In density within the 

frc Instead of forming a wall of Increasing ionization density that travels with the arc as in Case 1 where 

V A ar>d V are parallel. 

In Case II all the Ionization within the arc of thickness L la collected at the rear (It « L) of the 
arc whereas In Case I all the Ionization within the path of the arc that may be 1Q0L Is swept up. 

Barium release measurements in the Ionosphere (Wes cott, et + al. , 19 70) show that V is not always 
dei rained by the direction of the local electric field through ExiS drlfta. Magnetospheric convection is 
closely related to the auroral ju^atorm convection In the E-W and W-E directions (Wescott et *1., 1970), 
and thus is coupled to E by ExB or Hall drifts. However, the electric field measurements by Ba cloud 

drlfta show that ... "the poieward motion of an auroral arc does not imply any direct connection with the 
electric field or outward plasma drift In the magr.etospphere." (Wescott et al., 1970). The Ba release 
measurements show that the E field direction is southward for westward electrojets and northward for 
eastward electrojets. The electrojets are thus fall currents. The total horizontal magnetic perturbation 
AH due to the Hall current electrojets will thus be In the direction of E, the local electric field In the 
lower Ionosphere. 

Thus one can infer the direction of E from the direction of AH for an auroral electfojet arc because 
Ba release measurements have shown that the electrojets are Hall currents In a direction BxE. The ex- 

r ples given of poleward expansions show that the auroral activity V Is decoupled from the^electric field 
for northward moving supersonic arcs; while the AIW example given in Figure 1 shews that V, and B are 
decoupled for this equatorwaii moving supersonic arc. Kelley et al. (1971) using balloon-measured elec¬ 
tric field data and all-sky auroral pictures have shown that, "the poleward surge characteristic of the 
auroral explosive phase is not associated with a large eastward electric field and therefore is not 
associated with an ixfl/B^ diift^of the auroral primaries." Therefore^Cases I and II illustrated in Fig¬ 
ure 8 do actually occur, i.e., V can be parallel or antlDarallcl to E because the primary auroral elec¬ 
tron stream of precipitating particles is decoupled from ExB In the lower Ionosphere. 

When V Is pnrallel to V a wall of neutral auroral Ionization is built up that sweeps along with 
the supersonic arc. The positive Ions in this wall of neutral Ionization transfer momentum to the neu¬ 
tral gas by collisions. The frictional force between the positive Ions and the neutral gas depends on the 
difference In the two velocities in such a way that neutral gas velocity U changes with time as (Dougherty, 
1961; Rees, 1971): 

v , (V. - U) (10) 

3t n n m u 

Thus the neutral gas velocity would tend to with a difference decreasing with time as expf-t/t^), where 
x is a time scale for neutrals to reach an equilibrium velocity under the influence of ion-draE, n and 
given by 



(Dougherty, 1961). Thus as the wall of neutral auroral Ionization sweeps along the arc at a speed V , 
collisions with the neutral gas produces a pressure pulse that, neglecting viscous terms, travels with 
the arc to produce the shuck wave at. described by '.-filson (1967). 

The effectiveness of the mechanism described above Is illustrated in Figure 8 Her In the fact that 
there is a great increase in the number density n of positive ions within the wall of auroral ionization 
traveling with the auroral arc. lo addition to tile Increase in Ionization density due to the traveling 
















:h« ground u a perturbation p(o). Next the magnitude of the loi'-i 
Ln order to produce the neutral gaa velocity purturbatlon u in the 
iction-time T - L/V during which the alab of neutral gaa in dx ia 
latlon of t ia done by uae of the aclutlon for eqa. (10) namely 


perturbation and particle velocity is given by u - p/p,< 
speed of sound respectively. For an AIW of 5 dynes/cm 


iloclty is given by u - p/p^c where p 0 and c are the ambient gas density ant 
For an AIW of 5 dynes/cm amplitude at the ground, values of p« ard c as 
scale height H of 8 km the values of u for three different heights of the 
100 km u - 675 cm/sec; z - 120 km u - 2380 cm/sec; z - HO km u - 4380 


From the model of the 
^n the wall of neutral ior.i: 


. of the ionization-collection process described in Figure 8 we see that the ion velc 
al ionization is eqjial to V . Setting V in equation (11) equal to the auroral spee 
ive values of u for U the ion-drag time constant t and ion density n can now be cel 
widths L of the auroral arc. n 1 


{‘-5?BfJ 


In Table I the values of x and n, are given for the caae in which V • c as the lower limit of 

auroral speed that will result in AIK production. The width of the arc L Varies from 0.5 to 10 km in 

Table I. The values of ri , v , c and p„ used in the evaluation of n. from equation (12) are also shown 

in Table I as a function of Z. J 

From Table I it can be seen that the more narrow the arc width L the shorter t -may be in order to 

accelerate the neutral gas to the velocity required to produce the observed 5 dyne/cin pressure wave at 

the ground. To decrease the ion-drag time constant the ion density must increase in the arc. 

Ttje values of n, in Table 1 range from 1.4 x 10 8 lons/cm 3 for L - 10 km and Z - 100 km to 1.8 x 10 8 
ions/cm for L » 0.5 Rm and Z - 140 km. The rapid decrease in collision frequency v with increasing 
height results ln the increase ln the required n, with increasing height of the source for the same AIW 
strength signal to be observed at the ground. 

The average characteristics of AIW can be used to Identify the height region and average width L of 
the arc that arc mast reasonable ln order to choose the most probable range of n, from Table I. For the 
simple shock wave model the auroral AIW source speed is equal to the trace velocity of the AIW observed 

,._j ^.t, e average Aiy trace velocity is about 510 m/sec. If the rise-time of the AIW pressure 

the ground 
































antlparallal, no wall of ionization will be built up within the moving aurora and thus no large pressure 
pulaa will travel along with the arc so bow waves can not be produced. 

The magnitude end direction of $ from eqa. (2) and (S) depend on the electron and ion gyromagnetic 
and collision frequencies u and v , which undergo variations with height. The strength and direction 
of the current flow in the Slsctrojufj for a given southward electric field, varies with the Pedersen 
conductivity o , the Hall conductivity and the parallel conductivity o^. Theoe conductivities also 
vary with height in the ionosphere. 

For a given model of the ionosphere parameters, n , oo , and v (Francis and Karpins, 1960), the 
variation with height of the directions and magnitudes 8f tni current’density J and the neutral ionisation 
electrjdynamlc. drift velocity V are given in Figure 9 looking down on the ionosphere. The electrodynamic 
drift V consiots of Pedersen d?ift (parallel to E) + around 110 km, changing in direction with increasing 
height So the full Hall drift around 180 km in the ExB direction aa shown in Figure 9. The Pederson drift 

attains a maximum value of V - 0.5 E/B at 130 km while the Hall drift above 180 km haa a constant value 

of V • E/B (Plddlngton, 1963). In a study of ionospheric winds due to ion-drag in the auroral zone using 
rocket-bome^chemical releases, Rees (1971) has found that during times of southward directed electric 
fields when AH is negative (see Rees, 1971, Figure 1) that the neutral wind is toward the southeast around 
100 km (corresponding to Pedersen drag) and toward the east above 120 km (corresponding to Hall drag). 

This rotation in the direction of the neutral wind from south to east with an increase in height is a 

direct effect of the rotation of the direction of the neutral ionization drift V with height as shown in 

Figure 9. n 

Above 90 km - 90° so V in Figure 9 gives the direction <p » ir/2 - m + a (see Figurij 7) of the 

positive ion drift.* Xr. ojjder for the electrodynamic drift-shock wave model to beeffective, should be 

more or less parallel to V . In addition to this the ion density aa indicated by the calculated values 
in Table I must be obtainable by the Ionization-collection process as limited by recombination effects. 

Thus at heights above 140 km the Ion density as calculated for AIW production by equation (12) in Table 

I are too large t<£ be obtained because of the recombination limitation. Thus in Figure 9 even though 
the magnitude of V is largest at 200 km tho necessary ion density n for ion-drag to be effective at 

these heights in tRe interaction-time that is available Is much too large to be tenable. Thus the electro¬ 

dynamic drift will not produce a pressure pulse within a supersonic arc at the greater heights. The opti¬ 
mum level is probably around 100-130 km for large V and for the ■"eit effective coupling of the neutral 
ionization drift with the neutral gas to produce AlS In a supersonic auroral arc. 

An assumption in the model was that V > V.. In units of E/B the maximum value of the Pedersen 
drift is 0.5 E/B (Martyn, 1953; Piddington, n I963). For an auroral speed of V - 600 m/sec and^for B - 

0.543 gauss at 100 km above College, the electric field would have to be 65 mv/m to make V ■ V . Barium 

vapor measurements of electric fields in the vicinity cf auroral forms by Wescott et al. , (19697 have 
shown that electric £leld^ from 10 to 130 mv/m directed southward often occur. Thus it is quite reason¬ 
able to assume that V > V in aome auroral arcs translating at raach 2. From the barium release measure¬ 
ments by Wescott et aS., (1970), the velocity of the auroral zone ionosphere has often been found to be 
supersonic with respect to the neutral Ionosphere. 

It is necessary at this point to re.lat£ the known morphology of AIM to the electrodynamic drift-shock 
wave model by discussing the orientation of V as shown in Figure 9 as a function of local time along the 
auroral oval. Because of the increase with height of t , the time scale for effective ion-drag, the maxi¬ 
mum electrodynamic drift coupling will occur when the aurora ^s moving from a direction about 30° - 40° 
east of the electric field corresponding to the direction of V for 120 to 130 km height. Extensive 
measurements of electric fields by barium vapor releases (Wescott et al., 1969; Foppl et al., 1968; Rees, 
1971) show that the electrojets are Hall currents and that the electric fields are perpendicular to the 
electrojet Hall currents, poleward for evening conditions (AH positive) for the eastward electrojet and 
equatorward for morning conditions (AH negative) of a westward electrojet. 

Mozcr and Manka (1971) have shown using balloon-borne electric field measurements from L - 4 to 23 
that an equatorward component of electric field that develops at the onset of a negative bay drives Hall 
currents that are responsible for the surface magnetic perturbation ascribed to the auroral electrojet. 

For westward electrojet conditions where E is southward, auroral motions chat are toward the south¬ 
east will produce the largest AIW. Tlje elecprodynamlc dr^ft coupling with supersonic motion will vary 
jjs cos6 where 0 is the angle between V and V . Because V in Figure 9 makes an angle of about 30° with 

E, which is southward, themost effective directions for Ali) to be radiated by translating westward elec¬ 
trojets will be from $ " 270° to $ “ 30° Inclusive for 0 _< 60°. By referring to Figure 2 or to the AIW 

morphology described by Wilson (1969a) for College, on can see that there are many AIW in the midnight 

and morning sectors from - 270° to $ - 30°. The maximum frequency of occurrent of AIW after local mid¬ 
night agrees with the fact that southward and eastward motions of the westward electrojet £hat preyail at 
this time are close to parallel to V as shown in Figure 9. Thus the maximum coupling of V with V in 
the morning sector produces the large number of AIW seen in Figure 2 from directions that are predominantly 
west of north. 

For eastward electrojets the V diagram in Figure 9 must be rotated 180° until E points up or north¬ 
ward. The Hail current will be eastward and the Pedersen drift polevard. If there were supersonic pole- 
ward motions of eastward electrojet arcs, then AIW would be expected from these arcs. However, no poleward 
AIW are observed in the evening sector or at any other time. Westward propagating surges are known to be 
strong sources of AIW (Wilson, 1969c). For the model to be effective, V and V must have an angle between 
them less than, say 60°. Westward propagating surges carry the region of negat¥ve bay westward with them. 
They represent, the westward end of the westward electrojet region. In the transition region between east¬ 
ward electrojets with poleward electric fields and westward electrojets with equatorward electric fields, 
the electric ni^st rotate from north to south. The strong AIW produced by westward^propagating surges 
suggests that E rotates counterclochwise^(looking down on the ionosphere) so that E is directed to the 
west at the head of the surge. Thus If E is westward then V max. will be directed from 4> " 40° so that 








r V moving westward and parallel to the auroral oval efficient coupling between V and V will take 
ac«i and produce large A1W. There is a very large maximum in the number of AIW from $ - 48 " due to wegt ■ 
rd propagating surges at Collage shown in Flguro 1 of Wilson (1969c) corresponding to the case where E 
probably westward. 

A large body of evidence from balloon-borne electric field measurements (Moser and Manka, .1971; 

Hay at al., 1971; Moser, 1971) shews that the morphology of the ionospheric, electric field during sub¬ 
orns can be described as follows; 1) the east-west component of the Ionospheric electric field becomes 
rge and westward about an hour hefore the explosive phase of the substorm and remains westward th rough- 
r the substorm; 2) the north-south component of the ionospheric electric field becomes large and south¬ 
ed at the onset of the explosive phase of the substorm and remains so throughout the substorm. Moser 
(1971) has stated that in a total of 19 balloon measurements made during substorms the east-west component 


The lack of AIW from the south corresponds to the fact that when V has a northward component during 
mes of eastward electrojets there are no supersonic poleward motions o¥ these area, and when there are 
leward motions of westward electrojets the direction of V ir. to the southeast. Supersonic auroral arc 
tions are associated basically with westward electroJeta,”thus one would expect, given the above model, 
at most AIW would be observed in the morning sector when V is parallel to V for a southward electric 
eld, as la the case. A n 

In 3iamnary, it is an observed fact that an lnfrasonic bow wave is produced if the primary auroral 
rticle stream sweeps laterally through the neutral gas at supersonic speed in an equatorward direction, 
e period of the AIW is observed to be related to the width L and speed V of the arc by T - L/V . Be- 
use of the acyrrmetry in the generation of AIW by equatorward or polewardmoving area, we know that the 
sic source of the traveling pressure pulse is not a mass or heat source. The source is thus a momentum 
urce that is electromagnetic in origin and therefore it can only be collisions of positive ions with 
e neutral gas or ion-drag that transfers momentum to the neutral gan to produce an Infrascnlc wave, 
us: (1) Lorentz force coupling transfers momentum from the electrojtt positive ions to the neutral gas. 

) An ionization-collection process-increases the Ion density in arcs that are translating parallel to 
to a level around 5 x 10° ions/coi where Lorentz force coupling can become effective. (3) The super- 
nlc motion of the source region determines the bear wave geometry of the auroral lnfrasonic waves them- 


n 11 /cm 1.1x10 . 
v" 1/sec 5.37x10 J 
c cm/sec 2.9x10* . 
p.gm/cm 4.97xlO _1 
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HETRCTICW D'INFRA-SONS DE 2 H2 PR0DUI7S FAR LES DEPLACEXENTS DE3 EIECTROJETS AURORAUX 

L. Llaka et Hana Weatln 


Senna), re 


Au coura d'obaervationa effectuiea a Ktruna. en Suede (67,8 N, 20.0 E), a l'alde de reaeaux 
de mlcrophonea. on a detect* dea Infrasona de 2 HZ produlta pendant un certain norabre d'oragea raagne- 
tlquea najeurs. On a pu enreglatrer la direction d'arrivee et la vlteaae de phaae horliontale, dea 
Infraaona, au moment ou 11a franchlaaalent lea rdaeaux de mlcrophunea. Lea quantise alnai obtenuea 
ont 4te compariee aux mouveraenta de l'ElectroJet auroral, d6termln6a h partlr d'obaervatlona geoma- 
gnetiquea effectueea dana cinq atattona acandlnaves. Cette comparelaon, effeotuie h l'alde d'une 
technique de trajeetographle, a r4vele qu'une partie seulement dea Infraaona obuervea peut 8tre 
produlte par lea mouveraenta auperaonlquea dea electroJeta auroraux. 
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DETECTION OF 2 HZ INFRASOUND PRODUCED BY MOVING AURORAL ELilCTRtXlETS 


Ludwik ldszka 
Hans West in 

Kiruria Geophysical Observatory 
S-981 01 Kiruna 1, Sweden 


ABSTRACT 

2 Hz infrasound was detected during a number of major geomagnetic storms using micr'ophone arrays at 
Kiruna (67.8 N, 20.0 E), Sweden. The direction of arrival and the horizontal phase velocity of the 
infrasound at the microphone arrays were obtained. These quantities were compared with motions of the 
auroral el^ctmjet as determined frcm geomagnetic observations at five Scandinavian stations. The comparison, 
using a ray tracing technique, has shewn that only a part of the observed infrasound may tie produced by 
supersonic motions of auroral electrojets. 

1. INTRODUCTION 

The existence of auroral infrasonic waves with periods in the minute range is at present well 
established trough observations of Wilson (cf. e.g. (1)). It has been proposed (2), (3)'that the waves are 
produced by auroral arcs and surges moving with supersonic speeds. A quantitative analysis of the production 
mechanisms has been given by Chimonas (4) and Chimonas and Peltier (6). First in 1370 it has been proved by 
Procunier (6) that the infrasound in the near infrasonic range (1-16 Ha) is associated with auroral events. 

He has also pointed out that this frequency range is especially suitable for detection of weak signals frcm 
a high altitude source. On average, due to the acoustic absorption the highest frequency which may be 
received from a source at 80 km level is 16 Hz and 1 Hz for a 110 km source. Frcm the other side the power 
spectrum of atmuspher ! c turbulence, being the effective noise, decreases with increasing frequency. A 
favourable signal to noise ratio may be obtained at frequencies above 1 Hz. 

In the present research it has been assumed that the auroral infrasound is produced between 3.00 and 
110 km and the frequency of detection should be located between 1 and 2 Hz. The recording equipment at 
Kiruna (67.8 N, 20.0 E), Sweden (for description see Liszka et al. (7)) is operated at 1.9 Hz with a 
bandwidth of 0.2 Hz. Horizontal phase velocities and angle of arrivals of infrasound during 4 nights in 
August - September 1971 has been compared with simultaneous magnetic activity. The period has been chosen 
with regard to favourable wind conditions in the upper atmosphere. As rocket measurements of wind and 
temperature were not available at that time a model atmosphere has been used between 38 and 120 1cm. The 
lowest part of the model has been adapted to simultaneous results of the geographically closest balloon 
soundings, i.e. from Sodankyld (67.3 N, 26.6 E), Finland. As the optical aurora can not be seen from 
Kiruna at this time of the year (all-sky camera recording start after September 15) the infrasound 
recordings have been compared with motions of auroral electrojets as deduced from magnetic observations. 

2. DETERMINATION OF MOTIONS OF AURORAL ELECTROJETS 

The method used here is the latitude profile irethod discussed by Eonnev.ier et al. (8). The current is 
assumed to be infinitely extended in the direction of the constant corrected geomagnetic latitude (9). 

When an auroral electrojet is located above a magnetic station the vertical Z-component is equal zero and 
the horizontal H-eomponent reaches its extremum value. Having a chain of magnetic stations along the same 
geomagnetic meridian it is possible for a given instant to construct the latitude profile of geomagnetic 
field variations and thus determine the location of the electrojet. 

In the present study magnetograms frcm five Scandinavian stations: Tromsfl, Abisko, Kiruna, SodankylS 
and Lycksele are used. Geographical and geomagnetic coordinates of the stations are given in Table I. The 
Z-component on tlie magnetograms has been digitized at 1 minute intervals and corrected for the Z r _^ variation. 
The latitude profiles were plotted for every minute and the position of the auroral electrojet determined to 
be at latitude for whicii z cori ^ ctf -j : 0- The velocity of the electrojet is then calculated from its positions 
at two consecutive minutes. The maximum error in the calculated velocity is estimated to be 80 m/sec. Only 
velocities larger than 375 m/sec are used in the comparison with recorded .infraeound assuming the maximum 
influence of the measuring error and the sound velocity at the auroral height of 328 m/sec. 

An example of determination of the electrojet position and its velocity is shown in Tig. 1 for a 
8 minute period during the night August 22 - 23, 1971. 

3. INFRASOUND OBSERVATIONS 

During periods when supersonic motions of electrojets were obtained and coherent infrasound was recorded 
above the microphone array, E-W and N-S phase differences and the amplitude were scaled once every minute. 
Phase differences were then converted into the horizontal phase velocity and the direction of arrival. These 
two parameters, together with the amplitude are shown in three lowest diagrams of Figs. 2-b where results 
from all four analyzed nights are presented. Tliree of the nights were characterize! by negligible ground 
winds, while during one of them on August 25-26, 1971 the ground level wind of about 3 m/sec made 
impossible reliable amplitude measurements. 
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The upper two diagrams of Figs. 2-5 show the electrojet velocity and its position (plotted only at 
occasions of supersonic movements). Positions of the electrojet when it moves towards Kirum have been 
plotted with tliicker lines. It is during these motions that the recording station will be reached by the 
shock front. When the electrojet moves towards the South the infrasound should reach the station from the 
northern part of the sky and from the southern part of sky for a northward notion. The larger the 
translational velocity of the electrojet, the larger will be the horizontal phase velocity of the 
infrasound recorded on the ground and the shorter the travel between the source and the ground. The 
relation between the Mach number of the electrojet notion and the initial horizontal pivase velocity is 
shown in Fig. 6 for ambient sound velocities of 300 and 330 m/sec. EXrring the night August 22-23, 1971 
a moderate jet stream (50 m/sec) was observed at 10 km height. The jet stream increases the cut-off phase 
velocity for infrasound arriving from the North. This may be seen by comparing Figs. 7 and 8 with results 
of ray tracing for a night without a jet stream (Fig. 9). 

It must be also remembered that also the travel time of tire infrasound between the source and the 
ground is a function of the direction of propagation, the horizontal phase velocity and the atmospheric 
conditions. 


All these propagation parameters are also dependent on the direction of propagation due to influence 
of the atmospheric wind system. This is illustrated in Figs. 7-8 showing results of ray tracing for 
different directions of motion of the electrojet and different initial horizontal phase velocities. The 
calculations are made using a nethod similar to that of Cowling et al. (10), (11) and for the wind and 
temperature conditions at midnight August 22-23, 1971. 


Thus, a detailed comparison between the position of the auroral electrojet and the infrasound observed 
on the ground is only possible by applying the ray tracing technique to each one-minute scaling of the 
infrasound. In such a way the position of a possible source at 110 km height may be obtained. As only the 
meridional position of the electrojet is known, only the latitude of the estimated source position may be 
compared with the latitude of the electrojet. Such a detailed comparison, as extremely time-ccmsunujiing, has 
been made only for a limited number of periods during the investigated storms. The following periods were 
analysed: 


17 Aug. -71 

18 Aug. -71 
18 Aug. -71 
22 Aug. -71 

4 Sep. -71 


2240 - 2340 ITT 
0030 - 01.20 UT 
0140 - 0250 in’ 
1930 - 2010 UT 
2000 - 2140 (IT 


Results of the comparison are shown in Figs. 10-14. The geomagnetic latitude of each zero crossing of the 
vertical component of the geomagnetic field, interpreted as individual electrojets, is plotted once a 
minute as a function of time. The geomagnetic latitude c the estimated infrasound source position is 
indicated by empty circles. In cases when the intensity of the 1.9 Hz infrasound exceeded 6 db above the 
background level the position of the source has been marked by solid circles. It may be: seen that the 
largest portion of the infrasound observed during analysed periods seems to be steadily originated 
between 64.5° and 65.5° geomagnetic latitude. Only during periods shown in Figs. 12 and 13 the infrasound 
source tends to follow the notion of the electrojet, but is not necessarily associated with supersonic 
notions of the electrojet. In Fig. 13, at 1945 UT on August 22, 1971, strong bursts of infrasound emission 
may be seen which agrees well with supersonic notions of the electrojet. On August 17, 1971 at 2250 UT and 
2300 UT and on September 4, 1971 at 2005 UT and 2110 UT there are bursts of infrasewnd which are observed 
from the northern part of the sky, while the supersonic notions of the electrojet took, place in the 
southern part of the sky. Interesting cases may be seen on August 22 after 1935 UT and on September 4 after 
2050 UT where strong bursts of infrasound are apparently associated with a disappearance of two, oppositely 
directed, weak electrojets. There are also few cases when the irfrasound was originated to the South of the 
station, far from any electrojet. Unfortunately, no information about the notion of auroral surges is 
available from the magnetic measurements. This type cf motions may also produce infrasound (3) which will be 
easiest observed in the direction of electrojet. This could possibry be case on September 4, when the 
infrasound was observed from azimuthes around 60°. 


CONCLUSIONS 


A weak, coherent infrasound has been observed at 1.9 Hz during a number of magnetic storms, 
emission is rather persistent during long periods of time and is not always associated with transit, 
supersonic motions of the auroral electrojet. In same cases when the enhanced infrasound emission o,_.i . .j 

in time with supersonic motions of the electrojet there is a discrepancy between the direction of arrival of 
the infrasourxl and the position of the electrojet. The infrasound emission is often observed also wnen the 
electrojet as whole does not move at all. It is therefore possible that if the infrasound is produced by 
dynamic processes in the aurora, it may be due to motions of individual current filaments in the electrojet. 
Such motions may be difficult to discover on geomagnetic recordings. 
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Table 1 

Coordinates of magnetic stations 


7-3 


2 . 

3. 

5, 

6 . 

7. 

8 . 

9. 

in. 

n. 


Geographic 
Latitude Longitude 


Geomagnetic 
Latitude Longitude 


Tromsft 69.67 18.95 
Abisko 68.36 18.82 
Kiruna 67.83 20.42 
SodankylK 67.37 26.65 
Lycksele 64.60 18.80 


66.3 - 1.1 

65.0 - 1.9 

64.4 - 0.8 

63.4 4.2 

61.3 - 3.7 
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Fig.i Utnude profiles of corrected Z-component between 2310 UT - 2317 UT Fig.2 Supersonic velocities of the electrojet, its geomagnetic latitude together 

on August 22, 1971 showing position of the electrojet (Z=0) and with parameters of the observed infrasound. The horiaonta! phase 

e ermine supersonic translational velocities oi the electrojet. velocity, the angle of arrival and the amplitude for the night August 17-18 1971. 
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SUR LES ODES PRORJITES PAR DES SOURCES STATI0NNA1RES Er IT I ME RANT ES 
DANS UTt ATMOS WERE ISOTHERML SOUMISE A CRAVITE 
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SOflAIRE 


Au coun de ce» derniirea annEes, on a accuaulE lea niaes en Evidence expErisientalee qui 
ont eontrE qua lea ondaa acouatiquas et de gravity de l'ateoiphEre nautre peuvent Etre produites 
par di verses aourcea natureliea et artificiellea tellea que dea trembleaientB de terre, dcs fronta 
de perturbations aEtEoroiogiques, dea explosions nuclEeirea dan a 1' ataoaphire, dea couranta-Jeta, 
dea dEplacaaenta auperaoniquea d'arca auroraux, dee sous-oroges auroraux, dea Eclipses de soieii, 
dea ariona 4 reaction, dea lancera de fUsEea, etc.. On peut considErer cea diver* mEcanisaas 
d'excitation caae appertenact a l'un dea troia type* de aourcea auivants, ou ccaae reprEaentant 
une coaibinaiaon de ceux-ci : production de aasau, production de quantity de mouvoment, et produc¬ 
tion d'Enargie j que I'on peut Etudier d'une faqon trie gEnErale, On considdre tout d'abord le 
caa da aourcee atationnairea. La rEponse transitoire et la forme gEnErale de l'onde en un point 
d'obaervation done* dependent d'un certain nonbre de paromEtrea tela que l'altitude et la diatance 
de c* point, 1'instant d'obaervation, la dependence spatiale et teqporelle de la aource, la nature 
de la aource, etc. On fouruire une Etude syetEmatique de la rEponae tranaitoire en fonction de 
certains de cea peraaitrea, dans 1'espoir que cette approche puisae se rEvEler de quelque utilitE 
aux axpEriaentateurc pour 1'identification de diverse* sources. 

Enauite, l'exaaen aat Etendu aux sources itinErantes,pour les deux caa aubsoniques et 
auperaoniquea. Las applications possibles de cea rEaultats aux prcblEnes d'excitntion, dans les- 
quels intarviannant dea aourcea itinErantes, englobent : lea lancers de fusEes, lea Eclipses 
de aoleil, lea fronts de perturbations aEtEoroiogiques, etc,. 

L’effet de sol prend de l'isportance lorsque lej sources sont situEes au voisinags du sol. 
On Etudic on particulier le rEponse transitoire de 1'atmosphere a un mouvement du sol au coura d'un 
sEieae. On diacutera le couplage entre ondes sismiques et atmosphEriques. 
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ABSTRACT 


Experimental evidences have been accumulated in the last several years to indicate 
that acoustic-gravity waves in the neutral atmosphere can be generated by various 
natural and artificial sources such as earthquakes, severe weather fronts, nuclear de¬ 
tonations in the atmosphere, jet streams, supersonic displacements of auroral arcs, 
auroral substoims, solar eclipse, jet aircrafts, rocket launchings, etc. These various 
excitation mechanisms can be considered as one or a combination of the three types of 
sources: mass production, momentum production and energy production which can be stud¬ 
ied in a very general fashion. We consider first the case of stationary sources. It 
is shown that the transient response and the overall wave form at a given observation 
point depend on a number of parameters such as the height and the range of the observa¬ 
tion point, the time of observation, the spatial and temporal dependence of the source, 
the nature of the source, etc. A systematic study of some of these parametric depen¬ 
dences of the transient response will be given. It is hoped that the approach may be 
of some use to the experimentalists for the identification of various sources. 

The investigation is next extended to traveling sources for both supersonic and 
subsonic cases. Possible applications of the results to excitation problems involving 
moving sources include rocket launching, solar eclipse, weather fronts, etc. 

The ground effect becomes important when the sources are near the ground. In par- 
ticu nr, we study the transient response of the atmosphere due to ground movement during 
an earthquake. Coupling between tbs seismic and the atmospheric waves will be discussed. 

1. INTRODUCTION 

One of the most important problems in the study of acoustic-gravity waves in the 
thermosphere is the source problem. Whether one is interested in the dynamics of the 
ionosphere or concerned with the effects of traveling disturbances on communication, it 
is essential that one knows where, when and how those waves are excited. Experimental 
and theoretical studies have suggested many possible generating mechamisms, such as 
nuclear detonation in the atmosphere (Dieminger, W. and Hohl, H., 1962; Obayashi, T., 

1962; Wickersham, A F., 1966), earthquakes (Davies, K., and Baker, D. M. , 1965; Yuen, 

P. C., et. al., 1969), supersonic displacement of auroral arcs (Wilson, C. R.. 1969), 
polar sub3torms (Davies, M. J., and da Rosa, A. V., 1969), tropospheric storms (Georges, 

T. M., .1968; Baker, D. M. and Davies, K., 1969), solar eclipse (Chiroonas, G. and Hines, 

C. O. , 1970) and many more. These various excitation mechanisms can be considered as 
one or a combination of the three types of sources: mass production, momentum production 
and energy production plus the effects of the boundary surface. In this paper, the tran¬ 
sient excitation of acoustic-gravity waves in an isothermal atmosphere due to these three 
types of sources and the boundary effect will be studied in a very general fashion. 
Specific examples will be given with the emphasis on the dependence of the transient 
response on the various observable parameters. 

In section 2 the problem is formulated in a general manner. Asymptotic techniques 
useful in obtaxmng far field expressions are reviewed briefly. The case of stationary 
source is treated in section 3 and some results are discussed. In section 4, the moving 
source problem is investigated. The ground effect and the coupling between ground move¬ 
ment and atmospheric waves are studied in section 5. Some conclusions are discussed in 
section 6. 

2. GENERAL FORMULATION 

Let us consider a stationary, non-rotating atmosphere made of inviseid ideal gas. 

The equations that govern the dynamics of this atmosphere are derived from the conserva¬ 
tion laws and are given by 

3p/3t + V-(pv) » q , 

p(3/3t + V* V)v + Vp - pg = q, (1) 

p Y (3/3t + v-V) (pp~ Y ; = (y - l)q j 

where p, p and v are the density, pressure an£ velocity of the fluid particles respec¬ 
tively, y is the ratio of specific heats and g 1 b the gravitational acceleration. q,» 

4 2 and q, are respectively the rate of mass production per unit volume, the rate of momen¬ 
tum production per ur.it volume and the rate of heat production per unit vol'ime. These 
source terms are generally functions of time and space and are asaumed to be localised. 





The equilibrium atmosphere it assumed to be isothermal * 
density and pressure characterized by the scale height 

H - T/mg - cV-yg 


To study small amplitude acoustic-gravity waves in the atmosphere, we apply the 
al linearization procedure tc (1) by writing 


where the second terms on the right hand side are the perturbed quantities. Substitui 
ing (3) into (1) and linearizing the resulting equations, a sot of differential equa¬ 
tions for the perturbed quantities are obtained. It can be expressed in matrix form 


i the matrix oper; 

f »/at 


3/3y 3/3z - 1/2H 


0 

3/3x 3/3t 

0 

0 

3/3y 0 

?/3t 

g 

3/3z - 1/2H 0 

0 

2 3/3t 

3/3t 0 

0 

ector F and the source vector 

a are given by 

P'/P # 1/2 



P Vp,'/* 



v x ». V ' 

a - 


v p */* 

y p « 



s v z 


(Y~l)q ) /p # 1/2 


Eq. (4) can be recast into the form 

D(V,3/3t;f - 2 (7) 

where D(V,3/3t) is a scalar operator 
D(i,3/3t) » det «Q 

- a'/'ot" - c 2 (3 2 /3t 2 ) (V 2 - 1/4H 2 ) - <*>£c 2 V 2 (8) 

and * 3 2 /3x 2 + 3 2 /3y 2 is the horizontal Laplacian, 

w b “ <Y " 15 l/l g/e (9) 

is the Brunt-Va*sala frequency. 

S in (7) is the equivalent source function given by 

2 5 do) 

whereis the adjoint operator of Si. 

The operator U(V,3/3t) in (8) is called the acoustic-gravity wave operator. We see 
that regardless of the type of source, the transient response of the isothermal atmos¬ 
phere is governed by an equation of the type (7) and the boundary and radiation condi¬ 
tions. The transient response, therefore, depends on our ability to solve (7). Eq. (7) 
can be solved by the transform technique and the solution may be written formally as 

£(r,t) * £•— [l (r,i*>)exp (-iwt)diD (11) 


D(k,u) 







w 





D(£,U)) - (ui 1 - w') - u*c* 1(1 - w'A?)<k* + k’) ♦ k>] (13) 

J(i£,ui) is the Fourier transform of the equivalent source function, and - c/2H is the 
acoustic cutoff frequency. 

To satisfy the causality principle, the integration path T in (11) is taken parallel 
to the real ui-axis and above all singularities of the integrand. 

Eq. (1.1) is the general solution for the excitation of acoustic-gravity waver in an 
isothermal atmosphere by arbitrary sources. The inverse transform in (.11) and (12) in 
general are difficult and for most sources no closed form solutions are possible. In 
this paper, however, our main interest is the radiation field far away from the localized 
sources. For this case, asymptotic techniques are available to yield physically meaning¬ 
ful, simple and analytic expressions. In the following, several cases will be discussed. 

3. STATIONARY SOURCES 

We first consider the case where the sources are stationary. For this case, we can 
integrate (12) using the asymptotic method developed by Lighthill (1960). The technique 
makes use of the dispersion surface D(k,u) - 0 in k-space. The normal to the dispersion 
surface indicates the direction of the group velocity (Lighthill, M. J. , 1960). The 
asymptotic method is based on the idea that at any observation point r far away from the 
source, the contribution to the radiation fields come only from those rays whose group 
velocity vector lie in the jame direction as r. Using this technique, a rather simple 
far-field expression for f(r,w) in (12) can be obtained (Liu, C. H. and Yeh, K. C., 

1971). Substituting this expression into (11), we are left with the w-integration. 

Again, for far field, this integral can be evaluated using the saddle point technique 
(Felsen, L. R., 1969). The general results indicate that a high frequency spherical 
acoustic mode arrives at an observation point first. Some time later a cylindrical 
caustic at a lower frequency, say, u. less than arrives and then splits into '.wo 
frequencies, the one with w>w is called the buoyancy mode and the one with ih<ui. the 
internal gravity mode. From this instant on, the total response consists of all these 
three modes. As time increases, the frequencies of the three inodes approach w», ui, and 
oo p - w b z/r respectively. Note that z/r - cos6 where 6 is the polar angle of the observa¬ 
tion point in a coordinate system with the origin inside the source region. If the 
source is harmonic in time with frequency ui 8 , then some time after the arrival of the 
acoustic precussor at the observation point, the main signal with frequency u g will arrive 
with the group velocity corresponding to w 8 . General expressions for the transient re¬ 
sponse at different time intervals were given by Liu and Yeh (1971)- In particular, 
explicit expressions for the transient response due to impulsive point source were de¬ 
rived there (also see Cole, J. D. and Greifinger, C., 1969) and numerical computations 
were made for various cases. Fig. 3 shows a sample of the results. It can be seen from 
the figure that at any observation point, for large observation timer the total signal 
includes a dominant gravity mode with a smaller acoustic mode superimposed on it. Figs. 

2 and 3 indicate that this is true in general. Fig. 2 showi, the constant Rqa curves in 
r - ct plane for z * 300 km, where R^ is the amplitude ratio between the gravity mode 
and the acoustic mode. We see that for a given observat ion point (fixed r), the ratio 
Rga increases as time increases. At a given time, the contribution from the acoustic 
mode is more important for a more distant observation point (larger r). Fig. 3 shows 
the same plot for R^g, the amplitude ratio between gravity and buoyancy modes. The 
general behavror is J about the same as for Rq A . However, we note that at a given obser¬ 
vation point, at a given time, the amplitude of the buoyancy mode is the smallest of the 
three. 

Therefore, at a given observation point, as time increases (for standard F-region 
parameters, the time corresponds to ct greater than 2r n- 2.5r), the gravity mode domi¬ 
nates the response. The frequency for this mode approaches u c «= uvz/r as t increases. 

Row (1967) has used this idea to interpret successfully the ionospheric traveling dis¬ 
turbance caused by nuclear detonation. Additionally, because of the range dependence 
of it se .ms that certain information about the location of the source may be obtained 
by measur.ng the wave frequency at different observation points. However, great care 
should be exercised when one attempts to do such experiments. Since, depending on the 
range r and time t, the signal is at the different stages of the transient response, i.e., 
the frequency of the response may not coincide exactly with o> c . Fig. 4 shows the varia¬ 
tion of the wave frequency for gravity mode vs. the range r for z « 300 km and ct =* 5000 
km. The dotted curve is for w “ “> c “ u^z/r. It is seen that for large r, the actual 
frequency may differ from w c by as'much as 20%. 

4. MOVING SOURCES 

For sources that travel with constant speeds such that 2 ** § (r - vt,t), the general 
formula (3.1) can still be used. Asymptotic techniques are also available to obtain the 
far field response (Lighthill, M. J., 1967). In this section, however, instead of study¬ 
ing the general case, we shall concentrate on a traveling impulsive point source. In 
this case, a more direct approach is possible. This again may be thought of as the 
Green’s function or propagator for the general case. 

Consider an impulsive po at source moving in the horizontal direction with a con¬ 
stant speed u. If the coordinate system is chosen such that the x-axis is along the 
trajectory of the source, then the equation fer the Green's function after Fourier trans¬ 
form in time can be written as 


a 
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(y) 6(z)exp(iwx/ti) (14) 


3* + 

ay 1 


The solution Cor (14) satisfying the radiation condition iB given by 


G(x,s,w) 


i_^Z< 

4c*uu> 


H ^ J > IUw)s]exp(iM/u) 


(15) 


where H*‘*(x) is the HanKel function of first kind of zero.h order, 
the radial distance from the trajectory of the source point and 


<y 2 


t(u>) 




(16) 


In (16), 6 « u/c is the Mach numberof the moving source i 
off frequency defined by 


is a characteristic < 


■ u7) 

V B l -1 ' 

Inverse transforming (15) in w, w< 


H 0 (l) (5 (w) s )axp [-iw (t-x/u) ]dw (18) 


This is the formal solution of the transient response due to a traveling impulsive 
point source. For far field such that S is large, asymptotic expression for the Hankel 
function can be used and the resulting integral can be evffluated by the saddle point 
method (Felson, L. B., 1969). 

For sources traveling with supersonic speed such that 0>1, it is easy to show that 
the response is confined within a conical region trailing behind the source with the apex 
angle 0 a given by 

9 a =■ sin"‘ (1/8) (19) 

This corresponds to the well known Cerenkov cone. 

For this case, the cutoff frequency w, is greater than w a . The transient behavior 
at an observation point within the cone is similar to 'hat of the stationary case, with 
u>, playing the role of acoustic cutoff frequency. In general, three modes contribute to 
the signal. They are the same acoustic, buoyancy and gravity modes. As time increases, 
the frequencies of the modes approach hi,, and w c respectively. The asymptotic expres¬ 
sions for the different modes at various time intervals are rather complicated and will 
not be given her<. Instead, we compare the amplitudes of the three modes at large times. 
The amplitude ratio between the gravity and the acoustic modes Rq A is given by 


- /(B’w’/w* - 1.)/(»*/«£"- 1) (tan*/B) (20) 

and is independent of time, where $ - cos' (z/s). 

Therefore, at a given observation height, the farther the observation point is away 
from the source, the smaller is the acoustic mode contribution to the total response. 

(We note that cases corresponding to $ >* 0 and n/2 are degenerate cases and should be 
treated separately from the beginning). For a given observation point, the ratio R^ A 
depends on the Mach number B. Fig. 5 shows the variation of R^/tan^ as a function of 
B. The ratio increases as 8 increases and approaches a constant value l//l - 
for a large Mach number. 

The variation of Rqd' the amplitude ratio between the gravity and buoyancy modes, 
is depicted in Fig. 6. Here, constant curves are plotted in the ct,-s phane, where 

t, - t - x/u. At a given observation point, the larger t is, the greater is the ratio 
R^u. In general, buoyancy mode is very small as compared with the gravity mode. The 
ratio does not depend on the Mach number B. 

Next, we consider the case where the source moves with a subsonic speed. For this 
case, B<1 and There is no Cerenkov cone. For B close to 1, only two modes 

(gravity and 1 uoyancy) are present in the response. The acoustic mode is not excited. 
For even smaller P, there are three modes with asymptotic frequencies approaching w,, 
u> c respectively. The analysis is the same as for the c .se 0>1. Fig. 7 shows R G) as a 
function cf B, where Rq, is the amplitude ratio between the gravity mode and the mode 
at Wj. We note that when the source troves very slowly, the gravity mode is by tar the 
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it dominant component of the response. 


5. THE OKO'JND EFFECTS 

The above discussion can be extended to include the effects of the ground. The 
major modification will be the additional contribution from a reflected wave and a 
surface wavo. The]r transient behavior may be evaluated in the same manner as indicated 
above. A more interesting problem is the excitation of acoustic-gravity waves by ground 
movements. In the following, a simple model will be used to investigate this problem. 

We start by considering (7) for the component F s , which is related to the vertical 
component of the velocity. Assume that there is no source so that S 5 * 0. The movement 
of the ground is taken into account as the boundary condition. 

Assume that the ground moves according to the equation 
z - zgcos k,(x - ut)H[k,<ut-x)J (21) 

where H(x) is the unit step function, k, and u are the wave number and the phase velocity 
of the surface wave on the ground respectively. This movement of the ground forces the 
atmosphere into motion and since z 0 is small in comparison with the wavelength of the 
acoustic-gravity wave, we can write approximately at z = 0. 



z «= 0 

where z is given by (21). 

This is the required boundary condition for eq. (7) for the vertical component of 
the velocity. The solution may be obtained by the transform technique and we have, 
formally, 

z 

v,(r,t) - exp(z/2H) I (23) 

Here I is an integral defined by 

I = f - iO— exp{-i (wt - 5 (w) z J }dw (24) 

> u> 2 -kju 2 




5(u) « / (0 2 -1)(w 2 -wJ)/Sc (25) 
and w, is given by (17), and t, = t - x/u. 

The integral (24) can be evaluated by the saddle point method. For 8>1, it can 
be shown by closing the contour of integration in the upper half w-plane that signal 
can only be found within a certain region above the ground. For a given t, the boundary 
of that region in the x-z plane is defined by the straight line 

x we 5 - 1 z - ut (26) 

which is above the ground and trailing behind the front of the surface wave on the ground. 
The apex angle of this boundary is given by sin -1 (1/6). 

At any observation point, a high frequency precussor arrives first. Then at the 
t 0 = [x + z/(T 2 -l//l-ioJ/k*u z )/u (27) 

the main signal with frequency w = k u arrives. The asymptotic expressions at each 
time interval can be derived from (24) but will not be given here. For t>t 0 , the main 
signal dominates and is given by 

v 2 (r,t)'vk,z 0 uexp(z/2H)sin(/B 2 -l /kfu 2 -wj z/u + k,(x-ut)) (28) 

We note that for the wave to propagate upward, k,u must be greater than to,. For 
6>1, we have seen that <d,>w . This means that the excited wave is in the acoustic branch. 
Experimental evidence has snown that traveling ionospheric disturbances can be related to 
the traveling seismic waves on the surface cf the earth (Yuen, P. C. et. al., 1969). 

As a numerical example, we consider the wave excited by a Rayleigh wave of period 25 
seconds and speed 3,9 km/sec. The ground moves 5mm (z 0 = 5mm). For these- parameters, 
the corresponding v z at a height of 150 km is approximately 30m/sec. 

6. CONCLUSION 

We have seen in this paper that the excitation of acoustic-gravity waves in an iso¬ 
thermal atmosphere by various sources can be treated in a unified fashion. In our 
approach the atmospheric response to any source is described by the differential equation 
(7) with a gravity wave operator given by (8). Since the gravity wave operator is a 
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Acoustic-gravity waves can be generated when the source is in steady motion. When 
the source travels with a supersonic speed, the radiation is confined within a character^ 
tic Cerenkov cone trailing behind the source. For an impulsive point source, three inodes 
are excited, with gravity mode having the largest amplitude. Due to motion the acoustic 
mode has a characteristic frequency modified by the Mach number. The radiation is still 
possible if the source is subsonic. In this case the Cerenkov cone is absent and the 
acoustic mode is not excited. 

The presence of solid ground introduces additional complications in the radiation 
problem. The ground may reflect the wave and it may also guide the wave. When the 
ground is forced into motion it may also excite atmospheric waves. Following an earth¬ 
quake the traveling seismic waves may couple energy into the atmosphere and this energy 
can be carried away to the thermosphere in the form of waves. Since Rayleigh waves have 

periods of the order of 25 seconds, the excited waves are all in the acoustic branch. 

Because of the exponential growth factor with height, a small ground movement may give 

rise to detectable perturbations in the ionosphere. As an example, it is shown that a 
5mm movement on the ground can excite a wave which has an associated air parcel velocity 
30 m/sec at a height of 150 km. 

It is interesting to point out that these different excitation mechamisms can excite 
waves with different characteristic frequencies. Therefore, experimental determination 
of these characteristic frequencies can yield information not only about the nature of 
excitation but also about certain physical parameters of interest such as distance to 
the source, velocity of sound, etc. 
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DISCUSSIONS ON THE PAPERS PRESENTED IN SESSION 1 A , 

(Acoustic gravity waves in the neutral terrestrial atmosphere. Natural sources and propagation) 


Discussion on payer l : "3cm* analogies between the propagation of ionospheric radio vavaa and acouetic- 

gravity were*", byTT BAVII8. 

Dr. R,K, COOK i The author describe* acoustical waves which occur at frequencies higher than the atmo- 
epherio resonant frequency, and acoustic-gravity waves which occur at frequencies lower than tha VKiellS- 
Brunt frequency in an isothermal atmosphere, There is a third soda for sound propagation, the Iamb ware, 
which occurs at all frequencies, including those between the reeonant and VEisAla-Brunt frequencies. The 
Lamb wave propagation is in a direction parallel to tha earth's surface, hater papers in this meeting 
discuss its significance for the propagation of sound over global dietancen in the atmosphere, at infra- 
son ic frequencies. 

Dr, K, DAVIES i 1 was refaring to internally propagating waves only. 


Discussion on paper 2 i "3 D Ray tracing for acoustic-gravity waves”, by T,M. OEORQES, 

Or, R.K. COOK i Ray-tracing techniques show clearly the no irreciprocal character of sound propagation in 
a windy atmosphere. Thi* is true also far electromagnetic wave propagation in a moving materiel medium ( 
the reciprocal theorem does sot hold. In 19th century language, the "ether" is partially dragged along by 
the moving medium, the relative ,velocity being dependent on the index of refraction of the material medium 
In tha windy atmoepfcsre, the departure from reciprocity is relatively much less for electromagnetic wavaa 
than for sound waves, 

Sven with no wind, but with a steady magnetic field present in a material medium, the propagation 
of electromagnetic waves is non-reciprocal. This occurs because the component of the magnetic field whilch 
is parallel to the direction of propagation causes a rotation of the plane of polarisation (the Faraday 
rotation) directly proportional to the strength of the smgnetic field. 

Prof, A.D. FIERCE : Possible instances of cases when ray tracing techniques to ilredict wave amplitudes 
became inapplicable is at points or loci of points (caustics) where adjecent rays interact, 

Dr. T.H. QSORQES : Although pure geometrical acoustics fails at caustics, several apparently successful 
techniques have been developed to "patch-up" ray-tracing programs with full-wave and / or phase-integral 
calculations of field strength at places where flubi-tube arguments break down. These tech liques have po¬ 
tential for greatly enhancing the utility of rey techniques. 


Dieeuaeion on paper 1 by K. PAVIES and paper 2 by T,M, GEOROES, 

C.F, P. BALLET : Cosaeutaires 1, Dabs lee ubEpries nagnftoionique d une pert et acoust.ique et c\» gravitE 
d'autre part, on obtient pour' l'oudo plane une Equation de dispersion et unc Equation qui four hi la di¬ 
rection du rayon, Loreque lee milieux de propagation sent au repos, il set facile de voir, sur lev Equa¬ 
tions, qua les chastise sent rEciproquee, La non-rEciprocitE dee cheaina loreque le milieu iinisE ot neut.re 
set animE d'un mouvaaant de translation, uniform# dans chaque stratification, eat asses fictive et revient 
t un simple chacgmseot de rspires. Cert effet de non-rEciprocitE set pratiqusment tou'ours nEgligegb. e pout- 
lee ondee ElectrommgnEtiquea ec propageect dans 1'atmosphere ionisEe, 

2, La diffErenee importante par les complications qu'slle crEe set, aenble-t-il, la auivante. 

Pour lea ondee acoustiquea ou ocoustiquea et dn gravitE, on peut coneidErer un mod die staple sphErique 
puisque le champ da grmvitE art hcmocentrique. II en rEsulte dee t;aj»ctoiree planes et dee symEtries. Par 
contra, pour lea ondee ElectromagnEtiques, le champ magnEtique terreetre qui n'estpae boaocentriqus con- 
pi iquo le modiie. Les trejectoiree aont gauches et dieayiiEtriquee en gEnErel, Eiifin, de l'effet Faraday 
rEsulta la non-rEciprocitE de polarisation. 

Dr, K. DAVIES ; In the case of acoustic gravity waves propagating in 'a moving dispersive atmosphere some 
non-reciprocal affects may arise. Going downwind the intrinsic frequency is w - k U wberw u is the wave 
frequency, k the propagation number and IJ the wind. Upwind the intrinsic frequency is u ♦ k U. Hence there 
may well be non-reciprocal propagation. 

Dr, T.M, GEOROES : Ray-path reciprocity require* that a stadium's rafrattive index everywhere remain inva¬ 
riant with respect to a l0o° reversal of wavnvector direction. Such is not the case for acoustic (and cpn- 
■equantly acoustic-gravity) waves in a moving fluid. Therefore the acoustic ray path from point il to point 
b in « moving fluid differs from the path from b to a. For electromagnetic waves in a stationary"magneto¬ 
plasma, refractive index does not change upo-a wavaviKtor reversal i therefore, electromagnetic ray paths 
in such a medium are reciprocal. Observed amplitude non-reciprocities in VLF waveguide are apparently due 
to anisotropy of the loss (absorption) on reflection from the upper waveguide boundary (the D region). 









IA ' 

Discussion on gutfr j t "dansruticm sad propagation of sound waves between tbs ionosphere and tho lower 
atmosphere", by R, if. CWlK, 

Dr. Ch.R» WUflOI i Obeervatiocs of auroral infraaonic mvo show that the generation mechanism ia asyam*- 
trio with respect to the direction of action of the supersonic aurora ralativa to the diraotion or tha 
K ragion electric field. Therefor* Lorontk force and not beat ia probably tha source of the praeaura 
Jump within tha aurora, aa described in paper 6, 

1o-.lt suggestion that the upward propagating shock wore ha* a uajiative phase nay explain the fia- 
quant observation of negative AIW in that the upward propagating a hock would ba refracted hack to tha 
ground by tha thermosphere. 

Prof. R.K, COOK : Tho analyaia of thia paper eetab.Mehas a rolationahip between tha atrangth of a haat 
souros (an auroral diacbarge) moving at supersonic apead through tha ionosphere, and the atrangth (pres- 
aura Jump obaarwed at ground leroi) of tha weak shock produced by the source, There are certainly other 
aachaajwuj (in addition to heating) which wight produce weak praeaura shocks haring a auparsouic horiaou- 
tal trace waloeity aa observed at ground land. Definitive data or tha heating rata during an auroral dis¬ 
charge would, when available, lead to a good satinet* for the pressure Juap, 

The question of tha ssjnmetry of appearance of pressure jumps, vis-i-vis the direction of notion 
of supertonic auroral fonts, seams to ba still open in view of tho observations reported by Lisska later 
on during this nesting. 

Dr, Ch.R, WIL80B i Dr. Lisska has stated that ha has not observed tha transient auroral bow wave type si¬ 
gnals which are tha ones that show tha asymaetry described. 

Dr. A.D, PIERCE : Tha inference in this paper is ovidmsfcly that tha infraaonic oscillations as observed 
at Collage, Alaska, luring auroral activity say actually ba small-amplitude shocks, Would such shocks be 
audible to toneone on tha ground 1 

Dr, R.K. COOK : The observed values of the pressure junps caused by auroral supersonic notions ara appro¬ 
ximately 1,0 B/* « Such jumps ara probably too week to be audihle to a casual observer, unattantive and 
in the presence of ambient noiaa. Since the jump (% 10-5 atmosphere, a small-amplitude shock) is well- 
agad after propagation over distances of the order of tens of kilometers, its rise tine is of the order 
of one second. Therefore it would be inaudible,. The situation is quite different with respect to a sonic 
boom generated by tho supersonic flight of aircraft. The pressure jump is typically 100 H/n 2 (a small- 
amplitiule shock nonetheless), with a rite tine of tha order of only a few milliseconds. The boon ia quite 
audible even to an ur» attentive uhaerver, and usually startles and annoys him, 


Discuasion on iwtper k : "A model for acoustic gravity wave excitation by buoyantly rising and oscillating 
air masses" by A.D. PIERCE, 

Dr, B.L, NURPHT : (1) Few a supersonic rirebtll the fireball dimensions say be expected to be comparable 
with • seals height. Thus, rather than radial oscillations due to the greater than ambient pressure, ven¬ 
ting at the top would seem mere likely, 

(2) rl il not the available energy lor wave generation : MV 2 would be a better esti¬ 
mate where M is the fireball mass plus Darwin ’s virtual mass and V ia the ifUtial rise velocity, Thia is 
the order of a fev times 10-*3 E for megaton yields. 

Prof, H, VOLLASD : What is the physical, meaning of the drag force T 

Dr. A.D, FIERCE : The drag force hex been inferred from experimental observations of Scorer and of Turner, 
ao ita underlying physical mechanism ia not well understood. My present guess is that the apparent drag 
arises because tho flow around the bubble or fireball ia nob laminar. The vake and backside of a mushroo¬ 
ming cloud ia turbulent. Perhaps the energy lost due to drag actually reappears aa the kinetic energy of 
the turbulent wake. 


Discussion on paper 2 : (Validity of UKB approx, and Ray tracing). 


Prof. H. VOLLABD : Dr. Georges, can you comment on the range of validity of ray-approximation for acoustic- 

gravity waves T 

Dr. T,M, GEORGES : The question of the "range of validity" of ray theory via-a-ri* the WKB criterion swat 
be answered in two peirta : one has to do with the accuracy of the ray-path calculation itself, and the 
ansver ia that one can always compute the ray path (i.e., the path satisfying Fermat's Principle for some 
initial conditions) to any desired accuracy for any wave in any medium, even if the WKB criterior is gross¬ 
ly violated. Thia fact is apparently not videly appreciated. The second answer has to do with how one in¬ 
terprets rty paths j i.e, the adequecy of the ray picture for describing real wave phenomena. This answer 
must he a lot more i’Uaxy because "adequacy" obviously depends a great deal on what wave phenomena one is 
interested in. Ray theory obviously fails to predict wave amplitude when significant partial reflections 
occur, in the vicinity of caustics or turning points, or when vaves travel multiple paths (as in wave 
guides), even when WKB is satisfied. On the other hand, WKB seams tc be much too stringent a criterion 
if one it interested in where wave energy goes in a grots sense, or in reflection heights of VLF radio 
waves or internal gravity vavea in the atmosphere, for example. Simultaneous ray and full-wave calcula¬ 

tions give very similar results in many cases in which the WKE criterion would predict a Orask down of ray 
theory. Clearly, then, a lot more work remains in determining when one needs to "doctor" ray-path calcu¬ 
lations to account for purely wave-like effects. At present it seems safe to say that no one really knows 
exactly how to assess ray theory except by direct comparison with full-wave results. Like any other tool, 
it goes without saying, one has to know when to use it when not to. 





















Disuuuaiott on n apar 5 i "Acoustic gravity tu m end diffusion erfects at the *.Vmo*ph*ric boundaries", by 
prof, r. vanu*. 


Dr. C,H, LIU i In the discussion of critical lr/«, 1 night cdd oo« points That i», whom tbe wave appron- 

chav tha critical layer, .to* phase speed ap^r'^acb** ccro in tl a Merritt* system. Hmr*. tba non linear mi'fmnts 

in tba sense of "loug waves" nay bneem* important, There la a racant paper by Breeding in J, Fl'iid Meet, 
shoving scam nunsrical confuted rneults, t-tr soma cases, uon-lianar effect* indeed art apprsc table, 

ft-of. F» WAPJWCB : Tha noo-Hnanr tamo are undoubtedly important in a use cnaea, tot hare tha time scale en¬ 
visaged ia aucb that tbeea term* art not lihely to be important. Theoretical result a to data give an indi¬ 

cation of the transient development of a broad beaded sanitation in a non linear dispersive sy*t«M, Som# 
author* suggtet tba ariaterco of a ceth eye pattern i* certain caaea, whila Breeding's raaulta would ba in¬ 
valid ir turbulence developed, Tbia latter wavo-breakiog mechania* as in Thorps'* super imnrste ia probably 
tba relevant one for the real atmosphere. Thus if oon linear tarns, arc important, than tba first re^uire- 
wens. i» a stability theorem c.g, a non linear Uoutrd'a Thaorea, 


Discussion on paper "Auroral infraaonic wave generation mechanism", by Dr, C,R, WIIUOM. 

Dr. 0. HOLT : 1 would like to suggest tba E l D plaaaa instability as a possible alternative mechanism for 
tha generation of MW from moving auroral ?onuT, Tbe instability requireo a strong gradient in tba plasma 
density, of direction opposite to tha electric field, During stable conditions, diffusion will act to 
smooth out tha gradisnt, but for an auroral form in supersonic motion, this ia not possible, Tha spectrum 
of plaaaa waves caused by tbe instability will travel along the ftoot of the arc, and tbsir energy might 
ba transferred to the neutral gas, Qualitatively, tbia ia in agreement with the asymmetry of northward and 
southward motion observed by Wilton, Quantitatively, 1 do not know, 

Dr. Cfc. WIL80N : I me not familiar with the 2x3 plasma instability but can only say that ai tf mechanism 
must produce a pressure pulse that ia of constant phase in the moving fram* of reference of the aurora. 

At this time 1 can not aaa how wavue traveling along the arc itself could be tha source of a bow wave that, ir 
traveling transverse to the arc. One should certainlj explore all poaeiblo mechanimus however, 

Piof. H. VOLLAWD : Obviously, your excitation mechanism due to xomontisi coupling will work only within a 
small frequency range. Can you specify this spectral range T 

Dr. Ch. WILSON : The period of the bow wave ia approximately equal to L/V^ where I. is the wiltb of the arc 
and V. is its supersonic velocity ef translation perpendicular to its long axis. If tbe ionitation collec¬ 
tion process is tnking place, then L will be leas than tbe width of the arc depending on the Mach rnwbnr 
of the arc. These considerations restrict, the period range for the mechanism from about 1 see to 100 see, 

Brcf, H. VOLLAKD : The meridional electric field component should become aero around local midnight within 
the auroral oval. Can you relate your observed reduced activity of acoustic wave energy during midnight 
vith such behaviour T 

Dr. Ch. WILSON s Tea, there is a decrease in the auroral infraaonic wave activity around local magnetic 
midnight that is probably related to the decrease in the strength in £ around that time. 


Discussion on papers 6 and T 


Prof. II. YOLLAHD : There appears to exist a discrepancy between the results of Wilson and Liska, In 
Wilson'* results, acoustic wave propagation from the south is excluded, which Wilson explains by the exci¬ 
tation mechanism within the auroral electrojet. This anisotropy is not seen in Lisska's result*. What is 
the reason for this discrepancy T 

Dr. Ch. WILSON : V. is not correct t.o say that a discrepancy in our observations exists whan one does not 
know for certain that Liaska's jbservatione at 2 Hi nod mine in the passband from 0,1, to 0,01 He are both 
due to the same mechanism. My results concerning AIW refer only to bow waves due to supersonic motions of 
large scale electrojet auroras. There probably are other mechanisms which produce infraaonic waves in the 
aurora in n different frequency region such as direct heating from auroral particles during pulsating aiv- 
i-ora or two-stream plasma instability to produce ion-acoustic waves in auroral area in tbe high frequency 
region with f > 0,1 H* and in the long period region with T > Bruno period. Joule heat loss in the elec¬ 
trojet probably produce* internal gravity waves with a time scale the order of the aubstorm rise-times of 
say 5 to 10 minutes. 

It would be incorrect to aaaiue that the proceis that I propose is the only one operating throu¬ 
ghout the entire acoustic-gravity wave spectrum. It is just as incorrect to unease that all infraaonic ra¬ 
diation from the aurora ia due to the same excitation mechanism as it would be to soy that all the electro¬ 
magnetic radiation from the aurora is from the same proceis. 

Prof, R.K. COOK : It is quite possible that Wilson (in Alaska) and Liszke (in Kiruna) are meaouring the 
same acoustical waveform, both generated hy auroral motions at supersonic speeds. But the substantial dif¬ 
ferences in their graphic recordings come about from the quite different impedance fame* lone (different fil¬ 
tering) of their respective elect rose oust ical apparatuses. The apparatus will give the correct time (to 
within s few seconds for Wilson's apparatus at which a transient sound pressure starts, but tbe subsequent 
recorded waveform depends strongly on tbe indicial admittance (associated with the impedance function) of 
the apparatus. The "true" waveform of the sound pressure is in principle obtainable by convolving (mathe¬ 
matically) the recorded waveform with the indicial admittance. When this is attempted, though, the presence 
of noise makes it very difficult to arrive at the true waveform of the incident sound pressure of the nu¬ 
ll! 









ral tufrasound. 

Dr. LI8ZKg i There are at l«ut two further reasons which may explain apparent difference* betveen re¬ 
mit* of Dr. WILSON and mine i 

1. It may be ***0. when making ray-tracing for »pacific wind and temperature profile*, that the propaga¬ 
tion of ware* in the mimita range (a* tho»e observed by Dr. WILSON) ia quite different from that ob¬ 
tained for infraaound in the Ht-ragion. The clo**r t.h* wave frequency to the acoustic-cut off, w , 
the larger vill he difference* in propagation path* with reapect to the infraaound in the Hz-ronfe. 

A* w* in Kiruna are using tho phase detection technique, the sensitivity of our equipment is much 
larger than that of Dr. WILSON. So we are looking on signal* which are at least on* order of magnitude 
mailer than those observed by Dr, WllSOIf, It i* therefore not surprising that there are soma diffe¬ 
rence* between infraaound observed in two different frequency ranges and with different thro*holds of 
detection. 


Discussion on paper 6 : "On waves gensratsd by stationary and travelling sources in an isothermal atmo- 
spheie under gravity*, by C.H. LIU and K.C. YEH, 


Dr„ A, PIERCE : Have you considered the possible extension of this theory to include the case when one is 
receiving wavoe et a time when oat just start* to receive the gravity wave pulee 1 Aa you know, there i# 
a maximum group velocity for gravity vavee betveen u and w . The stationary phase approximation break* 
down when one is rscaiving that frequency for which th# groip velocity is a maxima. 

Dr. C.H, LIU : Yea, this is the point : the horizontal line t « ck/r approebe* the t'e curve at u » w , 

At thia point, the ordinary method of saddle point breaks down, A modified method can be used. It is 0 
described for example in a paper by rslaon (IEEE Trara, 0-AF.1969). The solution is in terms of Airy func¬ 
tions instead of the usual sine, cosine functions. 

Dr. J. KLOOTERMEYER i Where shall mass production in the continuity equation cone from T 

Dr. C. LIU : Our analysis assumes th* cource terms are known. The source model is not discussed here. 

Prof. H- VOLLAND : la it possible to discriminate between the various types of the excitation sources 
(mass, momentum or energy coupling) from a comparison between your theory and observation f 

Dr. C, H. LIU: Ve are beginning to look into this problem. Tills depends heavily on the form of the equi¬ 
valent source term 3, its spntial and temporal dependence. 

Dr. H. RISHBETH : You assume that the group velocity of a wave observed at. a point must be parallel to 
the straight line from the source to that point. This asawption must restrict your analysis to ranges 
much less than an earth radius, and will also fail at ranges for which vsves reflected frem the upper 
atmosphere can contribute to the observed signal. 

Dr C.H. LIU i The model we used is a flat earth one. We can extend the discussion to include the curva¬ 
ture of the earth, the reflection, etc,. But the dispersion surface vill he different. If the solution 
can be written formally as an inverse transform, then the asymptotic technique we discussed will still 
•PPljr. 


Discussion on papers j» and B : 


Dr. J, LOMAX : Dr. Piarce's paper shows s number of oscillations of the cloud about its stabilization 
altitude. Dr Liu's paper shows a transient response with sinusoidal oscillations for hundreds of minutes. 
As an experimentalist, I have not observed these undamped vibrations. My question is, have the authors 
ignored losses or doiping for mathematical simplicity T 

Dr. C.H. LIU : The loss mechanisms certainly are very important. In the analysis, these loss effects may 
be taken into account. Also, even for the lossless case ( the amplitude of the response decreases a* the 
distance of the observation point and the observation time increase. 

Dr. A. PIERCE ; Loss mechanisms on acoustic-gravity wave propagation per *6 are generally negligible at 
low altitudes ; they become increasingly more important vhen a wave propagates at higher altitudes. The 
complexity they introduce into the analysis is so great that wave theorists tend to neglect them unless 
they believe these loss mechanisms would substantially alter their predictions. In maiqr cases the quality 
of applicable data and the necessity of making many assumptions about the largely unknown ambient state 
of the atmosphere suggests tbst only a rough agreement of theory with experiment can be achieved, ever 
were lose mechanisms incorporated into the theory. In such casus, the incorporation of loss mechanisms 
would seem an unnecessary refinement unless they are of major significance in interpreting the general 
qualitative character!sties of the data. Concerning the damping of the cloud oscillations, I believe any 
successful theory should incorporate wave dumping. The theory presented here is still in a rudimentary 
state. It should be qualitatively correct if the cloud oscillates for several cycles before becoming suf¬ 
ficiently damped. Data concerning this seems to be largely unavailable, al ough laboratory scale expe¬ 
riments of Me Lavcn and Murphy (to be published) at Mt. Auburn Research Associates suggest 2 or 3 com¬ 
plete cycles may be observed. 
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I)>, B. MURPHY : In th# experiments mentioned by Dr. Pierce tvo main type* of damping ere pr**«nt | that 
due to lateral spreading of th* cloud and that du« to ware amission, Th# first type ia treated theoreti¬ 
cally in our paper, the aecond ia not. Do nuclear clouda oacillate in a manner similar to the buoyant 
element in our laboratory T that la a question that can only be anawered by #raw iuing the nuclear teat 
data and, unfortunately, 1 am unaware of any unclaaaifiad treatment of thi* problem. 

Prof. F. VARRE9 i There are three further relerant coamenta which could be made, 

i) A uniformly atratified atmosphere might not be the appropriate model to uee because of marked 
temperatures changes with height, A modal vith an inwersion would be more useful in eome cases, 

ii) In thie latter case, theoretical attempts to solwo a problem of damping by gravity waves 
(Stretenakii, Ursell, Warren and others) indicate that th# ultimate decay of vertical motion of 

a solid buoyant object about the hydrostatic equilibrium level is monotonic e,g, like (time) - *' 2 
although oscillations do occur at earlier times, 

iii) Formula* for viscous or turbulent drag are probably unreliable for buoyant air masses because in 
this case no boundary layer* exist. 

Prof. F. WARREH : Certains ccement* might be made concerning certain results for lover atmospheric phaao- 


i) Mountain las waves can be important source* of gravity waves in the uppor atmosphere. 

ii) Results concerning the effect of th# Coriolis term (in ths neutral atmosphere) have been conside¬ 
red by W, Jones and others. 

iii) Result* of certain models of the fire ball problem indicate a aonotonic decay. 

Dr. B.L. MURPHY : (Comment iii) 

I must call attention egain to the question of what fireballs really do as opposed to what models do. 

Dr. K, DAVIES : I agree with Dr, Warren that this has been don* for the neutral atmosphere but should be 
verified for the combined neutral and ion gases. 
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LES ONDES ACOUSTlqUES ET DE GRAVITE DANS L'ATMOSPHERE NHilRi. ET 1/ IONOSPHERE 


P* r 

N,K, Balachandran 


Sons* ire 


On d£tecte les ondes acouatiques at de gravity produites par deB explosions nucliaires a 
da grandea diatancea de laur point d'6ni&sion grace d l'emploi da microbarograplios aenaibles, au 
sol, d l'emploi de 1* technique Doppler a hautea frequences, aux altitudes ionoBohfriquea, et a 
l'emploi d«a eiaraographea a longue* p£r.odes. On expliquo la diaperaion des ondea acouatiques et 
de gravity au niveau du aol en faisant appal d la m£thode du mode normal pour une atmonphire stra¬ 
ti fiee. Dans la caa dea ondos acouatiques at de gravity ditectAaa au niveau du aol, lea modes a- 
couatiquaa a ccui-te peri od e (periode infirieure d as “iron 2 minutes) prisentent dea amplitudes plus 
(lavAaa qua lea taodea de gravity a pfriode longue (periode aup&rieure a environ 2 minutes), loroque 
lea vents atratoapheriques ae dtplacent dans la direction de propagation dea ondes, Lea modes de 
gravity ont dea amplitudes plus elev^es par vent de travera ou par vent vers le haut, Dea enregis- 
trements de perturbations ionoapheriquea effectuta avec une aonde Doppler indiquent une predominance 
dea modes acouatiquca de oourte periods sur lea modes de gravite, Salon la th£orie du mode normal, 
et la theorie dee ondes de Lamb, la density d'£nergie, pour les ondes de pEriode longue, decrolt 
exponentiellement au fur et d meaure qu'on s’Slive, et l'inergie est inauffisante pour provoquer des 
perturbations ionoaphiriques, Lea ondea acouatiques & p&riode courte sont dues a des modes partielle- 
ment canalises dana la besse atmosphere, avec deperdition d'energie /ers 1'ionosphere. 
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SUMMARY 

Acoustic-gravity waves from nuclear explosions are detected at large distances 
from the source by sensitive mlcrofcarop:raph on the ground, by high frequency Doppler 
technique at Ionospheric levels and by long-period seismographs. The dispersion of 
acoustic gravity waves at the ground level Is explained by using normal mode approach 
Tor a stratified atmosphere. For acoustic-gravity waves detected at the ground level, 
the short-period acoustic modes (period less than about 2 min.) have hipher amplitudes 
than the long-period gravity modes (period more than about 2 min.) when stratospheric 
winds are in the direction of propagation of the waves. The gravity modes have higher 
amplitudes for cross-wind and up-wlnd propagation. Dopplersonde records of ionospherl 
disturbances show more predominance of shorter-period acoustic modes than the gravity 
modes. According to che normal mode theory and the Lamb wave theory, the energy 
density for long-period waves decreases exponentially with height '*rom the ground, 
thus providing Insufficient energy for Ionospheric disturbances. The short-period 
acoustic waves are due to partially ducted inodes In the lower atmosphere providing 
leakage of energy Into the Ionosphere. 

1. INTRODUCTION 

Acoustic gravity waves have been detected at Ionospheric levels and at the ground 
level In the atmosphere. Donn and Ewing (1962a, 1962b) and Donn and Shaw (1967) have 
provided the records of pressure fluctuation at ground level due to acoustic gravity 
waves from nuclear explosions In the atmosphere. Baker (1968) and Baker and Davies 
(1968) have published records and studies of ionospheric disturbances produced by 
nuclear explosions In the atmosphere. The observations were made at Boulder, Colorado 
using high frequency Doppler technique. 

Acoustic gravity waves can also get coupled to the ground, Pecently Savlno and 
Rynn (1972) have reported detection of acoustic gravity waves from the Chinese nuclear 
test of Oct. 1*1, 1970, on a worldwide network of long period seismographs. 

Acoustic gravity waves in the atmosphere get coupled to the ground through the 
mechanism of static loading. Since the amplitude of the coupled seismic wave Is 
dependent on the wavelength of the atmospheric wave, slower moving disturbances In 
the atmosphere due to wind and density discontinuities have negligible amplitudes In 
comparison to faster moving acoustic-gravity waves. The seismic detection of acoustic 
gravity waves may be an effective way of filtering other atmospheric disturbances 
which may contaminate the microbarograph record. In this paper we will not go further 
Into the mechanism of seismic coupling. Interested readers may refer to the recent 
paper by Savlno et al (1972). 

2. ACOUSTIC GRAVITY WAVES IN THE NEUTRAL ATMOSPHERE 

In this paper we will be concerned with acoustic gravity waves whose energy is 
mainly channelled in the lower atmosphere (below an altitude of about 100 Km) with 
small amounts of energy leaking Into the Ionospheric heights to produce disturbances 
there. The stratification of atmospheric parameters causes dispersion of acoustic 
gravity waves and If the above argument about channelling is correct, a similar 
dispersion pattern should be observed both in the ground level pressure disturbance 
and the ionosphere disturbance produced by these waves. 

Dispersion curves for observed ground level pressure disturbance due to acoustic 
gravity waves have been given by Donn & Ewing (1962a, b) and Donn and .Thaw (1967). 
Extensive theoretical work has been done to explain the observed dispersion patterns. 
Most or the work has Involved multi-layer atmospheric models and numerical solution 
of the perturbation equations. Theoretical barograms have been computed which agree 
with the observations. 

The dispersion curves for observed pressure fluctuations due to acoustic gravity 
waves sometimes show, in addition to the most common normal dispersion when group 
velocity increases with Increasing period, Inverse dispersion when the group velocity 
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decreases as the period of the waves Increases. Examples of such dispersion curves 
are given In Fig. 1. It Is not possible to explain this type of Inverse dispersion 
If we use reasonable models of atmospheric temperature structure. But with the use 
of strong upper winds In the COSPAR atmospheric model It has been possible to explain 
the Inverse dispersion. Winds of the order of 100 metern/sec In the direction of 
propagation of the waves, around an altitude of about 100 Km were employed. The 
theoretical dispersion curves along with the observed dispersion pattern for the 
Russian nuclear test of 5 Aug. 1962 is given In Fig. 2. As may be seen from Fig, 2, 
there la good agreement between the theory and observation. 

A typical pressure record of acoustic gravity waves (Fig. 3) show two distinct 
groups of waves. The long-period group of waves (period more than about 2 min) may 
be classified as gravity modes and the short period group of waves (period less than 
about 2 min) may be classified as acoustic modes. We have found, after examining tne 
pressure records from various nuclear tests, that the relative amplitudes of the 
gravity and acoustic modes show considerable variation. Pierce et al. (1971) have 
shown that the amplitude of the long-period waves depends only on the yield of the 
explosion and the distance of the recording station from the test site. The amplitude 
is independent of the variation of the atmospheric parameters along the path. The 
acoustic modes on the other hand are very sensitive to the atmospheric parameters, 
especially in the lower sound channel (below about 50 Km). The synthesized barograms 
given by Pierce cl al (1971) Is reproduced in Fig. along with appropriate micro- 
barograph records. According to this figure the amplitudes of the acoustic modes 
are much higher Iri the downwind direction In comparison with the amplitudes of the 
acoustic modes In the upwind direction. The amplitudes of the acoustic modes for 
cross-wind direction have intermediate values. The amplitudes of the gravity modes 
do not change with the change In the direction of propagation. It Is concluded that 
when the direction of wave propagation Is in the direction of the stratospheric winds, 
the lower sound channel is intensified thereby trapping more energy than In the case 
of upwind and cross-wind directions of propagation. During winter months, when strong 
stratospheric winds blow from the west in the middle latitudes, the acoustic modes in 
the pressure waves produced by nuclear tests In the Pacific and recorded at eastern 
United States have very high amplitudes, higher than the amplitudes of gravity modes. 
During summer when stratospheric winds are easterly, the acoustic modes have smaller 
amplitudes than the amplitudes of gravity modes. The cases for Russian nuclear tests 
in Novaya Zemlya can be interpreted in a similar fashion. A more complete study of 
this phenomenon Including synthesized far-fleld Infrasontc pressure fluctuation using 
actual temperature and wind data will be presented In a later paper (Donn and 
Balachandran, 1972). The knowledge about the variation In the amplitudes of the 
acoustic modes are important for Ionospheric studies, because, as we will show later, 
the Ionospheric perturbations are caused by these acoustic modes rather than by the 
longer period gravity modes. 

3. ACOUSTIC GRAVITY WAVES IN THE IONOSPHERE 

The main part of this paper will be concerned with an interpretation of the 
acoustic gravity waves from nuclear explosions observed at ionospheric heights. Many 
authors have reported about these waves, but we will be making special reference to 
the observations of Ionospheric disturbances by high frequency continuous wave Doppler 
technique at Boulder, Colorado (Baker and Davies, 1968; Baker, 1968 and Baker and 
Cotten, 1971). Ionospheric disturbances from the Russian nuclear tests in Novaya 
Zemlya as well as U. S. tests In the Pacific, during 196.1-62, have been reported. The 
arrival time of each ionospheric disturbance agrees with the appropriate group velocity 
for acoustic gravity waves ducted In the lower atmosphere. The authors of the paper 
cited above Interpret the Ionospheric disturbances as being caused by the energy of 
the acoustic gravity waves ducted in the lower atmosphere leaking Into Ionospheric 
levels. The authors have pointed out the similarities between the ground level pressure 
oscillations and the ionospheric disturbance; but some difficulties remain. The most 
promlnant wave on the ground-level microbarograph record Is, In general, a wave of 
period of about 5 minutes and the record contains waves of period from about 5 min. to 
about 0.5 min. The periods of waves observed in the Ionospheric disturbances are in 
the range of about 2 min. to 0.5 min. Although one may expect the longer period 
waves, due to their higher wave length and thus less attenuation at higher elevations, 
to be present at ionospheric heights, these long-period waves are not prominent on 
the Doppler-sonde records. Also, there Is a significant difference in the observable 
life-times of Ionospheric and ground-level disturbances; the ground-level pressure 
disturbance lasting for a longer time than the Ionospheric disturbance. Finally, 
following large nuclear tests the mlerobarographs have detected the wave wnlch travell¬ 
ed directly from the explosion to the detector (the Al wave), the wave which travelled 
to the detector along the longer route, passing through the antipode of the source 
(the A2 wave), the second passage of the direct wave after it has circled the globe 
(A3 wave), etc. But only the direct wave (Al) has been detected on the Ionospheric 
records. We will try to answer these problems by studying the properties of the 
various modes which constitute the acoustic-gravity waves. 

A good example of acoustic gravity waves In the neutral atmosphere and the iono¬ 
sphere produced by nuclear te3ts is given In Fig. 5 (From Baker, 1968). As pointed 
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out by the author, the similarity between the waves In the Ionospheric disturbance and 
the wnvqs on the microbarograph records In their group velocities and frequencies are 
remarkable The shorter duration of the waves on the Doppler sonde record may be 
noted. Also the present author believes that there are no waves on the Doppler sonde 
record which correspond to the first roughly four long-period waves on each of the 
mlcrobarograph records. The long period waves seen on the Ionospheric record prior 
to about 2230 UT are, according to the present author. In the background, similar to 
the waves seen on the record after about 2310 and that these waves are not connected 
with the nuclear teat. Fig. 6 shows another case where waves of period about 300 sec 
are present on the microbarograph record but are absent on the Doppler sonde record. 
Both records show waves of period less than about 100 sec. Thus, although the micro- 
barograph record contains waves with periods from about 300 to 30 seconds, the doppler 
record shows only waves with periods less than about 100 sec. According to the 
terminology of Balachandran (i960), the microbarograph records show waves corresponding 
to gravity and acoustic modes for a multilayer atmosphere whereas the record of the 
ionospheric disturbance shows waves corresponding to the acoustic modes only. An 
explanation as to why gravity modes are not seen on Doppler records will be given 
later. 


The similarity In the dispersion pattern of the microbarograph and the doppler 
records Is evident from Fig. 7. Fig. 7(a) shows the running spectrum analysis of the 
short-period part of the Poughkeepsie, N. Y. pressure record for the II. S. Nuclear 

test of Oct. 30, 1962. The diag,ram shows the variation of the spectral characteristics 

of the signal with time. It may be observed from the figure that the period of the 
waves gradually Increases from about 60 sec. to about 90 i>ec. with time (this corre¬ 
sponds to Inverse dispersion in group velocity) and then decreases from about 90 sec 
to about 50 sec (this corresponds to normal dispersion In grouo velocity). Fig. 7 (b) 
which is a running spectrum analysis for the record of Ionospheric disturbance ct 
Boulder for the same test, shows similar dispersion pattern; inverse dispersion from 
a period of about 60 sec to about 100 sec and normal dispersion from about 100 sec to 
about 60 sec. 

So much for the similarities of the waves observed at ionospheric and ground 
levels. The absence of long-period waves on the records of iorospheric disturbance 

is explained below. Pfeffer and Zariohny (196?) and Baiachandran (i960) have shown 

that the long, period waves observed at the ground level are governed by the quasi- 
horizontal parts of the theoretical dispersion curves for a multilayer atmosphere. 

The energy density for waves corresponding to these parts of the curves decreases 
monotonically with height from the ground, hater, Garrett (1969), Dretherton (1969) 
and Pierce, Posey and Iillff 11971) have shown that for acoustic gravity waves of 
period more than about 2 min. the properties oj the waves can be explained by Invoking 
a modified form of Lamb's edge wave theory. The energy density for these waves 
decreases exponentially with height from the ground and the particle motions are 
horizontal. According to Bretherton (1969) the energy for these waves is located 
mainly In the lowest 32 Km. of the atmosphere. The heory is applicable when the 
variation of sound speed and wind speed with height Is small In comparison with the 
30und speed at the ground and the wavelength of the waves Is sufficiently large. The 
theory Is valid for waves with period greater than about 2 min. As the wavelength 
becomes smaller, the effect of the variation of temperature and wind becomes more 
significant and the Lamb-wave theory is not applicable for wave3 with period less than 
about 2 min. Energy for these short-period waves is concentrated in the atmospheric 
sound channels. Thus, according to both the normal mode theory and the Lamb wave 
theory the energy distribution for waves of period more than about 2 min Is such that 
sufficient energy doe3 not reach ionospheric levels to cause any disturbance there, 
which explains the absence of these long-period waves on the Doppler-sonde records. 

To Illustrate the above reasoning a plot of the vertical variation of the amplitudes 
of perturbation pressure, vertical velocity and kinetic energy density for acoustic 
gravity waves (normal mode theory) of period 282 sec. Is shown In Fig. 8. The theory 
and computational procedure used to obtain these curves are explained by Baiachandran 
(1968). Appropriate temperature and wind data was Used to generate the dispersion 
curves and the vertical profiles of wave parameters. The data used was appropriate 
for the waves received at Poughkeepsie, H. Y. from the nuclear test in the Pacific 
on October 30, 1962. The exponential decrease of kinetic energy density and pressure 
with height is evident from the figure. (The plots are in arbitrary units normalized 
with respect to the pressure at the ground). Although the amplitude of the vertical 
velocity shows an Increase above 100 Km. the amount of kinetic energy available is 
not sufficient to cause any disturbance at Ionospheric heights. 

In the case of acoustic gravity waves with period less than about 2 min., which 
corresponds to the acoustic modes In the normal mode approach, the picture Is quite 
different. Fig. 8 also shews pressure, vertical velocity and kinetic energy density 
profiles for waves with period 9*1 sec and 69 sec respectively. The data used in the 
computation was the same as that for the waves with the period of 28? sec. It may 
be noticed that rather than decreasing exponentially with height, the energy is chan¬ 
nelled in the sound channel below about 100 km in the atmosphere. This Is clear from 
the kinetic energy density profile In the figure. The Ionospheric disturbance may be 
explained as being produced by the small amount of energy leaking from the duct. The 
profiles In Fig. 8 may not clearly show this picture because these profiles are plotted 
for fully ducted modes (by utilizing a semi-infinite layer, at the ton of the atmos¬ 
pheric model, in which the energy density decreases exponentially with height) of 
acoustic gravity waves. But the ducting process may be explained by the diagram and 







If we imagine that the duet Is slightly imperfect, the picture of acoustic waves in the 
ionosphere becomes clear. 

The reason why only the waves which travel along the snortent path on the globe 
are detected at Ionospheric levels may be explained as follows. The short-period 
acoustic modes get attenuated when they travel along the longer path (A2 wave, A3 wave 
etc.) and only the long-period gravity modes have sufficient amplitudes to be detected 
by the microbarograph at the ground level. Since the gravity modes do not produce 
ionospheric disturbances, as we discussed earlier, ic signal is detected at ionospheric 
levels which correspond to A2 waves, A3 waves etc. which are detected at the ground 
level. 

To summarize, acoustic gravity waves with periods more than about 2 minutes 
produced by nuclear explosions are not detected at Ionospheric heights, because their 
energy is confined to lower levels of the atmosphere. Waves with period lest than 
about 2 min. are detected at ionospheric levels. These waves travel as partially 
ducted waves in the neutral atmosphere with energy leaking to ionospheric levels to 
cause disturbances there. 

It may be pointed out that in thi3 paper we are considering only ionospheric and 
neutral atmospheric waves which travel with a group velocity roughly equal to the 
velocity 0 f sound near the ground and not the higher group velocity waves reported by 
Tolstoy and Herron (1970). 
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Fiji;. 1 Empirical dispersion curves showing normal and inverse dispersion of acoustic- 
gravity waves from the Soviet nuclear test of October 23, 1961, recorded at 
various stations around the globe (From Donn, Pfeffer and Ewing, 1963) 



Fig. 2. Theoretical dispersion curves showing normal and Inverse dispersion for a 
temperature and wind stratified atmosphere. The points enclosed In small 
squares are empirical, for the mlcrobarogram at Palisades, 11. Y. following 
the Soviet nuclear explosion of Aug. 5, 1962. 









Pressure fluctuations, recorded at Berkley, California due to air waves from 
the U. S. nuclear test in the Pacific on Oct. 30, 1962. The arrow indicates 
roughly the separation of shorter period acoustic modes from the gravity 
modes. 



Theoretical microbarograms at a distance of 10,000 km from the source in 
various directions with respect to the wind. (Top eight Curves, from Pierce 
et al., 1971). Appropriate empirical mlcrobarograms are shown at the bottom 
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Comparison of mlcrobarograms obtained at Poughkeepsie, New York (a) and 
Berkley, California (b) with Ionospheric disturbance above Boulder(e) 
following the nuclear explosion of October 30, 1962. (From Baker, I960) 


t (0) 5MH7, Bouldef.(7269Kiri) 



Fl(r. 6. Comparison of the records of Ionospheric disturbance above Boulder (a) with 
the mlcrobarogram at Palisades, New York (b) following the Soviet nuclear 
test of Sept. 10, 1961 in Novaya Zemlya. The absence of lonp period waves 
on the Doppler record may be noticed. 
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MISE AU POINT D'UN MQDELE KEPP-ESENTANT DES SOURCES NUCLEATES 
GEhfcRATRICES D'OIWES ACOUSTIOUES ET DE GRAVITL 


par 

B.l. Mirphy ct S.L. kahalas 


SOMA IRE 


Lea auteurs £tudient 1* rapport entre lea mouvements hydrodynamiques oreia pax une ex¬ 
plosion i foible altitude et lea perturbations ionosphiriques qui en r^sultent. 11s considcrent 
l'oode da choc ascendante et la boule de feu qui e'^live ccesne constituent toutes deux des sour¬ 
ces taydrodyomiqusa. lit swntrent que l'on peut distinguer differentes parties dans le front de 
choc suivont la perturbation ionosphSrique qu'elleg orient, 1* partie du front de choc r6fleehie 
par la niveau d'altitude 100 i 12C km produit des p$riodes de perturbation de l'ordre d'une minute 
pour une explosion d'une m*gatonne, La partie de I'onde de choc qui se propage au-dessus de 100- 
120 few eat reaponsahle, par un processus non-lin£eire coaiplexe, de pSriodes de pertirbation exc£- 
dant 10 minutes. Lea auteurs montrent que la boule de feu a une aptitude maxim ale a engendrer dcs 
oodea acouutiques et de gravity lorsqu'elle atteint son altitude de stabilisation et tend a un 
Cquilibre hgrdrodynanique avec l'atmosphere. La theorie et les experiences effectueea en laboratoire 
montrent que la boule de feu produit alors un spectre d'ondes avec des sonnets correspondent a des 
pirlodes lig£re*«nt plus longues que .la plriode nmbiante de Brunt-VCiaSla (=■ 5 minutes). 
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SUMMARY 

The relationship between hydrodynamic motions caused by a low altitude explosion and subsequent 
Ionospheric disturbances Is reviewed. Both the upward going shock and the rising fireball are consider¬ 
ed as hydrodynamic sources. It is shown that different portions of the shock front may be classified in 
terms of the ionospheric disturbance they create. The portion of the shock front reflected from the 100- 
120 km altitude level produces disturbance periods the order of a minute for a megaton detonation. The 
portion of the shock front which propagates above the 100-120 km level Is responsible* through a com¬ 
plex nonlinear process, for disturbance periods In excess of 10 minutes. It is shown that the fireball 
is most efficient In generating acoustic-gravity waves when it reaches its stabilization altitude and 
approaches hydrodynamic equilibrium with the atmosphere. Theory and laboratory experiment Indicate that 
the fireball then produces a wave spectrum peaked at periods slightly longer than the ambient Brunt- 
Valsala period ( = 5 minutes). 

1. INTRODUCTION 

It Is known that large yield nuclear explosions result In Ionospheric disturbances which can be 
observed by electromagnetic means at great distances from the explosion site. It Is also widely recogniz¬ 
ed that these disturbances are a result of acoustic-gravity waves whose propagation is supported by the 
neutral fluid component of the ionosphere. A recent bibliography contains many references to observations 
and theory relating to detonation produced disturbances (THOMAS, J. E., et al., 1971). 

Much of the previous theoretical development deals with wave propagation rather than source 
modeling. It is to the latter topic that this paper is devoted. In the subsequent discussion we outline 
how the hydrodynamic motions near a nuclear detonation result In the generation of acoustic-gravity waves 
and how the properties of these waves are determined by the explosion parameters. That is, how onset 
time, amplitude, and period of the Ionospheric disturbance are related to explosion yield and height of 
burst. 


Because we concentrate on source modeling, we will not discuss wave propagation except insofar 
as it is necessary to do so to relate theoretical predictions to observations. Similarly, we do not 
consider how the neutral fluid motions determine ionospheric electron densities and hence the ultimate 
electromagnetic effect. This difficult problem has been treated by a number of authors (for example, 
HOOKE, W. H., 1968). 

Our treatment is limited to low altitude detonations where the initial energy deposition may be 
assumed to be local and spherically symmetric. For this type of detonation both the shock and the fire¬ 
ball can generate acoustic-gravity waves. The mechanisms which will be discussed are as follows: 

a. The direct effects of the shock are manifest as ionospheric signals with periods 
the order of a minute for a megaton detonation, the period being determined by 
the positive phase duration of the shock when it reaches the ionospheric level. 

The acoustic signal In this case undergoes multiple reflections between tne 
ground and the base of the ionosphere. The ducting is Imperfect at the upper 
level and energy continuously leaks Into the ionosphere. 

b. In addition, the short period (order of a minute) hydrodynamic motions that 
characterize the shock as it. enters the ionosphere above the burst evolve into 
long period (10 minutes and more) disturbances through a highly nonlinear pro¬ 
cess occurring at the 100-120 km altitude level. This phenomenon, which has 
been demonstrated by numerical calculations (GREENE, J. S., Jr. and W. A. 

WHITAKER, 1968), Involves a refraction and folding over of the shock due to the 
rapid change in ambient temperature at this level. Long period wave propaga¬ 
tion due to this mechanism commences at 10 minutes or more after the detonation. 

This time, which Is when the effective excitation appears to have begun accord¬ 
ing to a distant observer, is the time required for the shock to reach the 
ionospheric level and for the long period fluid motions to become established. 

c. The fireball is most efficient In generating acoustic-gravity waves when it has 
reached its terminal or stabilization altitude. It then approaches hydrodynamic 
equilibrium with the atmosphere on a time scale comparable with the Brunt-Vaisala 
period, the natural oscillation period of the atmosphere. This Is also approxi¬ 
mately the time required for the fireball to reach its terminal altitude and wave 
generation to being. For, as will be shown, the fireball is not an efficient 
emitter of waves during the early portions of its rise. 

Acoustic-gravity wave generation during fireball terminal phase has been modeled 
in the laboratory and these experimental studies will be described. 
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As shown below, for megaton range detonations the energy available for wave 
generation by the fireball is comparable to the energy available for long 
period wave generation by the shock. However, the dominant frequency of the 
waves generated by fireball stabilization is only slightly less than the 
Brunt-Vaisalai frequency and waves of this frequency propagate at relatively 
steep angles to the horizontal. For this reason the fireball mechanism may 
only be capable of producing ionospheric disturbances in the immediate vicin¬ 
ity of the burst location. 

These general remarks are discussed in more detail in the succeeding sections. We first dis¬ 
cuss the shock and then the fireball mechanism. We then assess the importance of these mechanisms in 
terms of the resulting Ionospheric effects. 

2. SHOCK WAVE GENERATION OF ACOUSTIC-GRAVITY WAVES 

It Is useful to first consider the propagation of the shock front as it is refracted by the 
atmosphere. Different portions of the shock are refracted differently. This leads to a classification 
of different portions of the shock front in terms of the types of Ionospheric disturbance that they create. 

At some distance from the burst point the shock becomes weak, that is, the relative overpressure 
aP/P becomes much less than unity. aP is the overpressure and P is the ambient orcssure. For 
example, for a megaton detonation aP/P = .1 at about 9 km (.lEHTO, D. L. and R. A. Larson, 1969). When the 
shock becomes weak the effects of atmospheric stratification and winds become important. 

An example of ray tracing calculations for a realistic (but windless) atmosphere is shown in 
Figure 1 (BARRY, G.< 1963) for a source located at the ground. The figure does not Include any non- 
acoustic propagation effects such as those arising near the source where the shock is strong. The initial 
ray angles in Figure 1 start at zero degrees to the horizontal and increase in 5° Increments. The ultimate 
behavior of different portions of the shock front is determined by the Initial angle of propagation relative 
to the horizontal as indicated in Figure 1. As this angle is increased the different types of disturbance 
are: 

a. Acoustic disturbances reflected back toward the earth before reaching the 
ionosphere. In Figure 1 this corresponds to initial angles of less than 
20°. This type of signal may undergo repeated reflections between the 
ground and some higher level, in Figure 1 the 40 km region of the strato¬ 
sphere, where suitable temperature and wind conditions exist. When this 

- portion of the shock front becomes weak it may be repeatedly split by 

winds resulting in a mutipulse type o' infrasonic signal (MEECHAM, W. C., 

1968). 

b. The direct shock which reaches the 100-120 km level of the ionosphere 
before being reflected at the region of very sharp temperature increase. 

This signal, which corresponds to the interval from 20° to perhaps 35° 
in Figure 1, can be ducted between the base of the Ionosphere and the 
ground as shown. As discussed below, leakage from the upper portion of 
the duct to the Ionosphere is probably responsible for acoustic-wave 
disturbances observed in the ionosphere (BAKER, D. M. and K. Davies, 1968). 

c. A portion of the shock front which propagates into the thermosphere beyond 
the 100-120 km level. This corresponds to angles of more than about 35° in 
Figure 1. Numerical calculations of the nonlinear hydrodynamics done by 
Greene and Whitaker (1968), which are discussed below, show that this por¬ 
tion of the shock loses much of its energy in the creation of a horizontally 
propagating disturbance behind the front. 

This disturbance is believed to be responsible for the very long period 
ionospheric perturbations observed at great distances following large yield 
explosions. 

Our concern in the following is with the portion of the shock front which reaches the 100-120 km 
altitude level. Throughout, only the primary shock wave is considered and secondary shocks due to reflec¬ 
tion from the fireball or the ground are neglected. 

We first determine the properties of the upward going shock at the 100-120 km altitude level. 

We then discuss the relationship of these shock properties to the properties of short period ionospheric 
disturbances. Finally we discuss the nonlinear process at the 100-120 km level which results in the gen¬ 
eration of long period ionospheric disturbances. 

2.1 The Upward Going Shock 

In this section we will calculate the relative overpressure and the positive phase duration of 
the shock at the base of the ionosphere as functions of yield and height of burst. These results are sub¬ 
sequently used to relate ionospheric disturbance properties to explosion parameters. To determine the pro¬ 
perties of the upward going shock a simplified scaling law known as modified Sachs scaling is used (LUTZKY, 
M. and D. L. Lehto, 1968) together with weak shock theory (REED, S. G., Jr., 1959). 

According to modified Sachs scaling the relative overpressure, in an inhomogeneous atmosphere, at 
a distance r from an explosion where the ambient pressure is P(r), is just the same as if the explosion had 
occurred in a homogeneous atmosphere with ambient pressure P(r). That is: 
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where V is the explosion yield and f is the function which gives tne relative overpressure in a homogeneous 
atmosphere. An example of the application of modified Sachs scaling is sho\/n in Figure 2 where we compare 
the predictions of this scaling with the results of SAP and SHELL calculations for relative overpressure 
versus distance. SAP is a one dimensional Laqranglan hydrodynamic code and SHLLL is a two dimensional 
Eulerian hydrodynamic code. These calculations are for shock propagation at 4S° from the horizontal due to 
a 4 MT Isothermal sphere at 5 km altitude (GREENE, J. S., Jr., personal communication, !971). The modified 
Sachs scaling curve has been ccnstructed using the 1962 Standard atmosphere for the ambient pressure P(r) 
and the homogeneous atmosphere, real air, calculations of Lehto and Larson (1969) for the function f 
occurring In Eq. (1). Notice that the SHELL calculation consistently gives somewhat higher relative over¬ 
pressures below 100 km altitude than does SAP. This is because it Includes the effects of fireball rise 
which SAP does not. The rising fireball, particularly for large yields, prevents the shock from relieving 
backwards. At very small angles from the horizontal the differences between SHELL and SAP are negligible. 
Both SHELL and SAP show a drop in relative overpressure coronencing at about 100 kin altitude. The reason 
for this and Its relation to acoustic-gravity wave generation at the ionospheric level will be discussed 
shortly. First we continue the discussion of modified Sachs scaling and the upward shock propagation. 

It Is not entirely clear why modified Sachs scaling works as well as it does. However, in this 
example, as well as In others not shown here, modified Sachs scaling Is definitely more accurate than scal¬ 
ing of distance with respect to ambient pressure at the detonation altitude. Because modified Sachs scaling 
is expected to become more Inaccurate with increasing distance, we use It only to obtain starting values 
near the burst point for the application of weak shock theory. In using weak shock theory to obtain scaling 
laws for the shock properties on entering the ionospheric level we make two simplifying assumptions: First, 
that the atmosphere can be approximated as exponential. Second, that in spite of refractive effects, each 
portion of the shock front propagates Independently with its own effective radius of curvature. These 
assumptions are justified by the fact that we treat shock propagation In the atmosphere below 120 km altitude 
where the scale height Is approximately constant and by the fact that we only consider the portion of the 
shock front which Is not seriously refracted (i.e. reflected) before reaching the altitude in question. 


For reasons which appear below we begin using weak shock theory at a distance r 0 where i,P/P = 
aPq/Pq first equals 0.2. Assuming that the atmosphere near the burst may be approximated as exponential 
this value of the function f occurring In Eq. (1) corresponds to (LEHTO, 0. L. and R. A. Larson, 1969): 
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where Y is the yield In kilotons, and P b is the ambient pressure at the burst point in atmospheres. H is 
the effective scale height in kilometers for the (upward) direction being considered. 

At distances r > r 0 we use the weak shock equations derived by Reed (1959). These are: 



(3) 

(4) 


where t is the positive phase duration of the shock, y is the ratio of specific heats, and c is the speed 
of sound. Nonlinear (weak shock) effects are contained iri Eq. (3) within the factor tj/t.. This factor 
as given by Eq. (4) Includes both the effects of dissipation at the shock front and positive phase length¬ 
ening due to the supersonic front velocity. 


The dependence of t f on values of r Q may be eliminated by takiny the logarithmic derivatives of 
Eqs. (3) and (4) and combining to obtain: 




(' * 5 If ,n p * 


(5) 


For an exponential atmosphere this becomes: 


where 


The value 



is obtained from Eq. (1): 



(6) 

(7) 

(8) 
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where f' Is the derivative of f with respect to its argument and n h Is the value of n for a homogeneous 
atmosphere (H - -). The quantity n h Is plotted vs. relative overpressure in fig. 3, Note that, consis¬ 
tent with Figure 2, the minimum value of AP/P corresponding to n = 0 occurs at r = 3H, that Is at an 
altitude 3 scale heights above the burst point. 

Combining Eqs. ( 6 ) - ( 8 ) we obtain: 
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■ r Q , AP 0 /P 0 * .2, and according to Figure 3, n h = - ^ . Thus we obtain from Eq. 19): 


t° - ^ (. 1 ) r . 
+ yC ' ' O 

which permits Eqs. (3) and (4) to be written as: 

t + -^-(.l) r 
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where r 0 is given by Eq. (2) and where the exponential Integral E^ is defined as: 

M*) - f dt. (13) 

-r / 2 H 

At the base of the Ionosphere (considering only low altitude detonations) the term e 
E< IjpJ dominates in the radicals occurring in Eqs. (11) and (12) and furthermore may be approximated as 


- exp^-jR-j. 

Making this approximation and using Eq. (2) to eliminate factors of r 
Eqs. (11) and (12): 


we obtain from 


"VT < 


-= .075 4— 


\ 1/3 r. 
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j that 
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The factor e may be neglected since r« cannot be larger than 3H, the reason belm 

aP/P ■ .2 must occur before the minimum at r« = 3H if it is to occur at all. (According to Eq. (2j, 
aP/P does not become as small as .2 for sea level yields in excess of 60 MT.) We set r/l! ■= (r- 7 h)/H where 

-z b /H 

z Is the shock altitude, Z[, Is the burst altitude (e = P 5 ), and H s is the scale height in the vertical 

direction. Then taking H* = 7 km, y = 1.4, and c = .31 km/sec as representative values below 120 km alti¬ 
tude we obtain the final form of our expressions for the shock positive phase duration and relative over¬ 
pressure: 

y 1/3 p -1/12 


= 1.1 Y 1 ' 


(16) 


(17) 


For 4MT at 5 km and for shock propagation at 45° from the horizontal Eq. (17) predicts aP/P - 1.2 
at 100 km altitude. The SAP and SHELL results shown in figure 1 both give about aP/P = 1.6 at this alti¬ 
tude. That the agreement Is only approximate is not surprising in view of the several assumptions made and 
In particular due to the fact that the weak shock theory employed becomes inaccurate when AP/P i 1. For 
smaller yields or propagation closer to the horizontal the theoretical results should be more accurate. 

The properties of the shock when it reaches the ionospheric level are given by Eqs. (16) and (17). 
These properties, which will be used In the subsequent discussion, are as follows: 
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The relative overpressure and positive phase duration are both proportional 
to cube root of yield. 


Both relative overpressure and positive phase duration are Insensitive to 
height of burst at least *or low altitude detonations. Taking z to be 100 km 
-z b /H 

and recalling that P b * e where H Is taken to be 7 km we find that the 
respective height of burst dependences are: t + % [l + Zk/59l and aP/P n, 

£ 1 + Z(j/145 J , where z b Is In kilometers. L J 


For a given altitude the positive phase duration Is Independent of range and 
the relative overpressure decreases linearly with range. 


A megaton detonation at sea level has a positive phase duration of about 39 
seconds at 100 km. 


2.2 Direct Effects of the Shock 

We believe the direct effects of the shock to be the source of the may observations of iono¬ 
spheric disturbances following nuclear tests with periods between 30 seconds and 10 minutes, periods of 
about a minute being predominant (BAKER, D. M., 1968). These disturbances were observed by a doppler 
technique between altitudes of 150 and 200 km and appeared to propagate at speeds of about 300 meters/sec. 
Typically the explosions involved were the order of a megaton. 

An example is shown in Figure 4 of the disturbance observed following the United St.atest megaton 
range detonation Housatonlc on 30 October 1962 (GLASST0NE, S., 1964, pg. 677e). BAKER (1968) points out 
that a feature occurs on 4 MHz, which Is reflected from 180 km, about 17 seconds earlier than a 5 MHz, which 
is reflected from 190 km. He finds therefore that the dlsturbai ce was propagating upward with a speed 
approximately equal to the local sound speed. On this basis ana because of the known acoustic ducting 
properties of the atmosphere he hypothesizes that the acoustic signal has the bulk of its energy confined 
In a duct below 110-120 km altitude and that it is leakage from this duct that is responsible for the 
ionospheric disturbance. 

The point we wish to make is that the observed periods of these ionospheric disturbances are 
approximately the same as the periods which the shock from a megaton range explosion would contain on reach¬ 
ing the ionospheric level. We say approximately because among other things it is not clear whether the 
periods contained In the shock are the order of 2t+ or some slightly larger value. In terms of Figure 1 
this means that the portion of the shock which initially propagates at angles of from about 20° to 35° is 
responsible for these short period ionospheric disturbances. 

Ionospheric disturbances with periods greater than 10 minutes, which we now discuss, are related 
in a complex manner to the portions of the shock which initially propagate at steeper angles to the hori¬ 
zontal . 


2.2 Long Period Acoustic-Gravity Wave Generation by the Upward Going Shock 

As previously noted. Figure 2 snows a dramatic drop in relative overpressure commencing at about 
the 100 km altitude level. The reason for this can be seen by examining the SHELL outputs for the detailed 
flow, one of which Is shown in Figure 5. This Figure Is a contour plot of relative pressure as a function 
of altitude and horizontal distance at a time of 600 seconds. The spherically expanding and upward moving 
shock wave is refracted at the 100-120 km altitude level where the ambient temperature begins to increase 
radically. Of course, the vertically propagating shock front is unrefracted. The result is the genera¬ 
tion of a horizontally propagating disturbance in the flow behind the shock front. This disturbance drains 
energy from the shock which continues outward and upward. 

The essential feature of the Greene-Whitaker calculation is that the effective source of the 
long period gravity wave disturbance is located at an altitude of 100-120 km above the burst. The effec¬ 
tive source commences 10 minutes or more after a sea level detonation, this being the time required for 
the shock wave to reach the ionospheric level and for the rotating flow of Figure 3 to become established. 
This delay time correction to the travel time has been observed following several low altitude explosions 
(HERRON, T. J., 1971). 

The velocity vector plots, which are not shown, indicate that the dominant motion in the dis¬ 
turbance depicted in Figure 5 is a rotating or vortex flow and on this basis we proceed to estimate the 
disturbance kinetic energy. The geometry assumed for this vortex flow is Indicated in Figure 6. 

The kinetic energy of the motion is: 

E s = J h p v 2 dV, (18) 

where the volume element for the region containing the vortical flow is: 

dV = 2 * R (2nr 1 dr') (19) 

For the assumed flow we may define a constant vorticity within the rotating region: 

W = |v X v I = (20) 

in terms of which £q. (18) becomes' 

/ „(,•) r'3 dr .. 


E = 8 


( 21 ) 
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and approximating p(r') by ,> a . the ambient density, this results In: 


We estimate R * 150 km and r « 30 km based on Figure 5. This latter value Is approximately 
the gradient scale of the temperature change responsible for the shock refraction and development of the 
vortical motion, l.e. T/vT » r. We estimate the maximum flow velocity v(r) as being approximately equal 
to the sound speed at 130 kn, that Is about .64 km/sec. Then for an ambient denlsty of 7.6 x 10"9 kg/ 
meter 3 we obtain E = 5 KT, that Is about .1* of the total 4 MT yield. 

2 

For smaller yields than our 4 MT example, the yield scaling of kinetic energy Is S pv V, where 
p Is the density, v the fluid velocity, and V the volume over which the rotational motion takes place. 

For a weak shock we expect only the fluid velocity to be a function of the detonation parameters. Since 
this velocity Is proportional to the relative overpressure we find from Eq. (17) that the energy In the 
horizontally propagating disturbance Is proportional to Y 2 ' 3 . Thus with a proportionality constant deter¬ 
mined by the 4MT example we may write: 

E s/y - 2 x ID' 2 Y""* 1 (23) 

We will compare this estimate with the energy available In the rising fireball for wave generation, which 
is derived below. 

3. FIREBALL GENERATION OF ACOUSTIC-GRAVITY WAVES 

The fireball is a buoyant rising fluid element and as such deforms into a torus or vortex ring 
configuration. The flow is illustrated in Figure 7. During the initial rise period, that Is, well before 
the stabilization time the flow around this vortex ring can be treated as the flow around an equivalent 
solid object. Warren (I960) has calculated the wave emission and wave drag on a sphere moving vertically 
in a stratified incompressible fluid. His theory predicts that gravity wave emission is negligible when 


where n * v/2a, v is the sphere velocity, and a the sphere radius. The Brunt-Vaisala frequency N, Is the 
high frequency cutoff for gravity wave propagation. The onset of wave emission at n/N « 1 has been exper¬ 
imentally verified (MOWBRAY, D. E. and B. S. H. Rarity, 1967). 

A buoyant sphere rises at a velocity (SCORER, R. 0., 1950) 

v - (g 8 a)* 5 (25) 

where g Is the acceleration of gravity and 6 » P — ~ - P — is the buoyancy defined as the difference in density 
between fireball and its surroundings divided by the ambient density. 


Warren's criterion for significant gravity wave emission therefore gives: 

a > g 6 J “ 5.6 8 km, (26) 

for a Brunt-Vaisala period t r v of 5 minutes. Because of the very high fireball temperatures Involved at 
early times we may approximate 8 by unity. Then Eq. (26) states that a fireball radius of 5.6 km Is 
required for the onset of appreciable gravity wave emission. According to the data in Glasstone (1964, 
p 10) this would require a yield in excess of 30 MT. We conclude that for sea level detonations only very 
large yields could result in gravity wave emission during the initial period of the rise. 

When the fireball reaches its stabilization altitude and proceeds toward hydrodynamic equilib¬ 
rium with its surroundings, conditions more favorable for gravity wave emission do occur. However, before 
considering the details of how this wave emission arises we conclude our discussion of the Initial rise 
period by computing the fraction of the total yield which is contained in the kinetic energy of the ris¬ 
ing fireball for a sea level detonation. We wish to compare this energy with our previous estimate for 
the energy available in the shock for long period gravity wave generation. The fireball kinetic energy is: 

E f = >s Mv 2 » »s M g 8 a (27) 

where we have used Eq. (25) for v. The mass occurring in Eq. (27) is not the mass of the fireball itself 
but rather that of the considerably larger mass of ambient air which moves with the fireball, the so called 
virtual mass (DARWIN, 1953). This mass is equal to half the mass of ambient air which would occupy the 
fireball volume. Accordingly we write: 

E f - j a 4 p g 8 (28) 

According to Glasstone (1964, pp. 74-75) the terminal fireball radius Is about 750 feet for a 20 KT detona¬ 
tion. The temperature at the time (1 sec) this radius is achieved is about 10 times ambient, and hence 
assuming pressure equilibrium 8 = .9. Assuming cube root scaling with yield we may then write, a = 8.45 
x 10 3 Y T /" cm, where Y is in kilotons. Eq. (28) then gives the fraction of the yield which is available as 
kinetic energy of fireball rise: 

= 1.5 x 10‘ 4 Y 1/3 (29) 

Comparing this with Eq. (23) we find that for a yield of about 1.6 MT, Ef = E s . Thus for yields in excess 
of this value we expect the energy available in the rising fireball for long period gravity wave genera- 
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tlon to be greater than the similar energy available In the upward going shock. 

We now turn to a description of how this fireball rise energy becomes available for the genera¬ 
tion of long period gravity waves. 

3.1 Oscillating Vortex Model of Fireball Stabilization 


In this section, the relation between a fireball In the terminal phase of Its motion and the 
fluid oscillations that result as It stops rising are considered. An approximate expression for the 
frequency of the resulting motion Is derived In terms of the final motions of the fireball and the atmo¬ 
spheric parameters. Our analysis of gravity wave generation by a rising fireball differs from the work 
of Tolstoy and Lau (1971) In that It Is based on the theory of buoyant vortex ring . 


We consider a ring vortex where the core radius R 0 is much smaller than the major radius R as 
shown in Figure 8. The substance, a spheroidal mass of air surrounding the ring, moves with the ring. The 
difference between the mass contained in the ring and In the substance,' and an equal volume of the atmosphere 
t;>(r) 

(p 1 - P 0 ) dz rdr, (30) 

"z, (r) 


•/ 7 i2< 


where p'(r,z) Is the mass density Inside the vortex, p (z) is the ambient density, and z ? (r), z,(r) define 
the boundaries of the substance. 0 c 


On a contour such as 1, which contains but does not intersect the core, the circulation K is 


where the dot indicates a time derivative. The quantity C depends logarithmically on the distribution of 
vortlclty within the ring. We assume that the motion Is similar and that therefore C is a constant. 

The circulation along contours such as 1 and 2 changes during the rise according to the 
Bjerkness Eq: 

* - - * jk . (32) 

where p is the pressure, taken to be ambient under the assumption that equilibrium has been obtained. 

On a contour such as 2 which does not contain the core, K = 0 at all times and hence K = 0 at 
all times. On any.contour such as 1, which contains but does not Intersect the core, K must ue the same. 
Hence at any time K must be the same for all such contours. 

Eq. (32) can be rewritten: 

z 2 (r) 

K = - i & . - f *> - f 

P ° * l( r) 


Zl (r) 


f z 2 

• J dp 

z, (r) 
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Using the hydrostatic equilibrium equation *j|- -• 

r z 2 (r) P -p* 

K = g J JL—t- dz 
z,(r) 


Eq. (33) finally becomes: 


which is nonzero and independent of r for r f R - Ro and is zero for r i R * R . Since the model Is 
intended to apply to the later stages of fireball rise when the buoyancy has become small we replace 
in the denominator of Eq. (34) by p 0 . We further assume that the fireball is small enough that the inte¬ 
gration in Eq. (34) takes place over much less than an atmospheric scale height and that the factor 1/p 
may be taken outside the integral. Then using Eq. (34) we may rewrite Eq. (30) as: 0 

AM = - |lp„ f K rdr - - ~ P 0 K (35) 


Conservation of mass give 


SfM- 


where V is the volume over which the integration in Eq. (30) is done and p" 
this volume. The term dV a /dt represents the volume change due to adiabatic 
upwards: 


Thus Eq. (36) becomes: 


i 
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combining this result with Eq. (35) for aM we obtain 


making use of the fact that 


z and 2 = C k this becomes: 


„2 = . a_ ! p _° 


; the ambient Brunt-Vaisala frequency and a = —j is a constant of order 


unity as discussed below. Eq. (40) is most conveniently solved in terms of an auxilliary functi 


q + f « V-^_ R - ] Q = 0 

Vp7 r 1 


and where (y^ R) represents —^ R). 


Assuming that the bracketed term in Eq. (42) is slowly varying we obtain the WKB solution: 


.V- _ 

V7T r 


Using Eqs. (31) and (41) this gives the solution for z 


Before discussing the physical significance of this equation it is useful to consider the 
CV 2 

quantity a - —=- in more detail. The volume V Is approximately equal *R Az. az Is the vertical distance ove 
*R 3 

which the z integration In Eq. (30) is done. Alternatively az may be Interpreted as the effective distance 
beneath the ring from which fluid is drawn up to the ring, Observations of laboratory releases of buoyant 
fluid with a spheroidal substance suggest the value az « 3R (TURNER, J. S., 1960). The quantity C is 
about .13 for a spherical vortex (LAMB, 1932). This gives u « .62. In general we expect a to be constant 
so long as C is, and to have a value somewhat less than unity. 

Equation (44) applies from the time the fireball has formed a vortex ring and has entrained 
sufficient air that the interior density <> ’ is approximately equal to the ambient value n 0 . Thus we are 
not able to describe the early stages of the rise. However, the more time consuming later stages of the 
rise will occur on a time scale the order of r/riN, that is on the order of the Brunt-Vaisala period. For 
nuclear clouds which do not spread rapidly when approaching their stabilization altituoe, vertical oscilla¬ 
tions will occur at a frequency t-’l. According to Eq. (44), clouds which spread rapidly will undergo oscil¬ 
lations at a ’ower frequency than uN and the amplitude of the oscillations will subside as l/R* as the 
cloud spreads. If the cloud radius spreads sufficiently rapidly (such as exponentially on a time scale 
shorter than ’gy ) there will be no oscillatory motion and the approach to equillbrum will be overdamped. 

In any case ; for megaton range detonations where the nuclear cloud penetrates into the very 
stable stratosphere, a rapid growth in cloud radius ensues (GLASSTONE 1964, pp. 35-37). This would tend to 
reduce the amplitude of gravity waves due to vertical oscillations of the cloud. In general, for given 
atmospheric conditions there ma; be an optimum yield-height of burst combination for gravity wave genera¬ 
tion by the stabilized fireball but it is currently unknown. 
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To gain further Insight Into the wave pattern generated by this type of buoyant oscillation, 
laboratory experiments have been performed at Mt. Auburn, as described below. 

3.2 Laboratory Observations of Gravity Wave Generation by Buoyantly Rising Hasses. 

A photograph of the experimental apparatus Is shown in Figure 9. The experiments were perform¬ 
ed In a plexiglas tank 5' x 3* x 34' deep. A linearly stratified density fluid (salt and water) was 
established In the tank by carefully Introducing fluid layers of successively decreasing density. This 
stratification very closely approximates an exponential medium over the dimensions of the experimental 
region. The density gradient was checked by carefully weighing a 300 cc teflon rod suspended at varying 
depths In the fluid, and after some days It was found that the Initial density discontinuities had smooth¬ 
ed out to form a linear density gradient. Using ethyl alcohol as the buoyant, miscible fluid, a number 
of buoyant releases were made from a release mechanism on the base surface of the tank. Visualization of 
the wave motions In the fluid was achieved using small neutrally buoyant polystyrene beads which acted as 
excellent scattering centers for a well collimated light beam. Thus a cross-section through the fluid 
motions was observed. 

A 16 am cine camera was used to record the Internal wave motions and schematic drawing based on 
& sample frame Is shown in Figure 10. For this release the buoyant fluid was dyed to be readily observable. 
The formation of a vortex ring structure and vertical oscillations and rapid spreading of the Initially 
buoyant fluid as it reached Its equilibrium level were clearly observed. 

Tyolcally the time required for the top of the released fluid to reach Its maximum altitude was 

about 8 seconds, somewhat shorter than the Brunt-Valsala period In the tank (9.8 seconds). 

The wave pattern, which was more complex than anticipated. In conveniently divided into the four 
regions shown In Figure 10: (1) Directly above and below the source region small amplitude oscillations 

of the beads wgre. observed. The period of these oscillations as nearly as could be determined was equal 
to the Brunt-Valsala period. (2) The amplitude and the period of the oscillations increased with Increas¬ 
ing angle from the vertical. The amplitude reached a maximum at an angle of about 60° where the period was 

about 12 seconds. (3) The amplitude then decreased slightly with Increasing angle. This region existed 

over a relatively small angle and It was difficult to observe changes In the period within this region. 

(4) Finally, at very small angles to the horizontal planes of stratification, motion of the beads was 
observed which was not periodic, rather the beads were displaced away from the source region and did not 
return. This motion Is clearly related to the horizontal spreading of the Initially buoyant Hsiid as it 
equilibrates. 

The propagation theory for acoustic-gravity waves predicts that waves of period t whose vertical 
wavelength Is less than a scale height should propagate at an angle e from the vertical (HINES, C.O., 1960), 
where. 

—— = |cos e| (45) 

_ 2 

This propagation law does appear to be obeyed In the experiment since T « T gy at e = 0, x and r » 
tgy at e - i»/3, 2w/3. In theory there should be no propagating solution exactly at o = 0, r where T « T By. 
Howiver, because of the limited spatial extent of the experimental region we are unable to clearly dis¬ 
tinguish oropagating from nonpropagating disturbances. 

Perhaps the most Interesting aspect of the laboratory observations Is the confirmation of the 
theoretical prediction that much of the buoyant rise energy Is utilized to generate waves In the period 
range 1 - 2 r gy. Our expectation Is that an analogous process of wave generation would occur for a 
stabilizing nuclear cloud. However, while we are able to estimate the period of the largest amplitude 
portion of the disturbance we have not estimated what fraction of the available energy goes into very long 
periods, that is periods many times the Brunt-Valsala period. These long period waves would propagate at 
shallow angles to the horizontal and it may be that atmospheric refraction would prevent their reaching 
Ionospheric levels. In this connection It Is Interesting to note that ionospheric disturbances of about 3 
minutes period, which are associated with severe weather, are not normally observed nore than 250 km hori¬ 
zontally from the apparent source location (GEORGES, T. M., 1968). Whether the absence of longer periods 
at greater horizontal distances Is a result of properties of the source or of atmospheric filtering and 
refraction is not known. 

4. CONCLUSION 

In the preceding sections we have attempted to relate the different kinds of disturbance seen In 
the Ionosphere to the hydrodynamic motions accompanying a low altitude nuclear explosion. The short period 
Ionospheric disturbances seem to be caused by the portion of the shuck front which Is reflected from the 
100-120 km altitude level. This Identification is made because the periods contained within the shock when 
it reaches this altitude level are the order of the observed Ionospheric periods, that Is, about a minute. 

Ws expect the ionospheric periods to scale with explosion parameters In the same way as does the shock 
positive phase duration at the 1O0-120 km altitude level. The Ionospheric periods should therefore be 
proportional to the cube root of yield and essentially Independent of height of burst. 

The origin of Ionospheric disturbances with periods exceeding 10 minutes is a more complex 
problem since both the upward going shock and the rising fireball are possible hydrodynamic sources. For 
yields In excess of about a megaton the energy available In fireball rise for the production of long period 
disturbances exceeds that available in the upward going shock. 

The mechanism described by Greene and Whitaker (1968) for the generation of long period ionospheric 
waves Involves a refraction of the upward going shock at the 100-120 km altitude level. This results in a 





transfer of energy from the shock to a horizontally propagating disturbance which Is left behind. The 
Groene-Whitaker mechanism Is generally operative since conditions for this shock refraction are a permanent 
feature of the atmosphere. 

The fireball Is most efficient in the generation of long period acoustlc-gravlty waves when It 
has reached Its terminal altitude and is approaching hydrodynamic equilibrium with the atmosphere. It 
may then undergo vertical oscillations with a period somewhat larger than the Brunt-Valsali period. The 
efficiency of wave generation by this mechanism is very sensitive to ambient conditions at the tropopause 
as well as to burst parameters. In particular nuclear clouds which underyo rapid spreading upon stabiliza¬ 
tion appear to be Inefficient, wave generators. In theory, and this Is supported by laboratory experiments, 
the terminal phases of fireball rise, when the mechanism Is efficient, produce a wave spectrum with 
amplitudes peaked at one to two times the Brunt-Viilsala period. These periods propagate at relatively 
steep angles to the horizontal and would primarily affect the Ionosphere near the burst. Whether significant 
wave amplitudes could be produced at much longer periods Is presently unknown as Is the question of whether 
these long periods, which propagate at shallow angles to the horizontal, would be prevented by atmospheric 
refraction from reaching ionospheric levels. 
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Fig.2 Comparison of SHELL and SAP Codes at 45° with modified Sachs scaling for 4 M i at 5 km. After GREENE 
and WHITAKER (1968). 
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Fig.5 SHELL calculation of 4 MT isothermal sphere at a time of 600 seconds showing contours of relative pressure. 
From GREENE and WHITAKER (1968). 
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Fig.7 C utaway of nuclear cloud showing internal How. From CLASSTONF (1964, p, 31). 


r 



vortex ring configuration with contours used to calculate vorticity. 
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THE THEORY OF ATMOSPHERIC ACOUSTIC PROPAGATION 


by 

C’h. Bertliet and Y.Rocand 


Abstract 


Infrasonic mti generated by large explosions on the ground can be observed to propagate 
up to ranges of thousands of kilemeteru. 

If an explosion is strong enough to generate gravity waves, that iB exceeds a threshold of 
about one megaton, waves with periods near one minute travel around the earth according to a well 
known mechanism. 


Waves of shorter period, in the rang' 5 to 1*5 seconds, are observed to propagate more effi¬ 
ciently than might be expected according to elementary theories of acoustic rays bending by tempe¬ 
rature gradients and winds. However, ve demonstrated a few years ago that the introduction of non 
linearity in the propagation of such waves resulted in the bending of acoustic rays back to the 
ground and that it explained most Of the experimental facts. 

But we also observed exceptional cases of propagation to ranges of 7 000 - 8 000 tilometers 
and even up to lU 000 kilometers, in fairly narrow azimuths! sectors, generally in a bearing 90 
£aat of the explosion. The periods are in the range 30 to 60 seconds and the waves do not exhibit 
the characteristics dispersion of gravity waves. 

In order explain such observations, we propose the following mechanism. Waves propagating 
upwards away from the explosion in directions a fev degrees off the vertical are bent back towards 
the ground at altitudes of 85 to 95 kilometers, according to the yield of the explosion, In the 
course of the process the various ray paths intersect along a ring centered on the vertical of the 
explosion and located at these altitudes, which we shall call the "Noise Ring" (Ccuronne de Bruit)- 
In his Ph,D, Thesis (Faris 1969), Ch, BERTHET showed that these ray paths, besides intersecting to 
produce a phenomenon of geometric focusing, correspond to waves arriving roughly in phase at the 
noise ring which is then equivalent to a circular focus line. 

The concentrating of energy at the ring produces very pronounced non linear effects and it 
can be shown that the ring behaves as a secondary acoustic source radiating out sonic waves in di¬ 
rections different from those of the rays which produced it. 

Since in the range of altitudes 85 to 95 kilometers a horizontal, propagation channel exists 
produced by the increase in temperature at higher altitudes (above 110 kilometers) and at lower al¬ 
titudes (near 50 kilometers) plus an important contribution of the distribution of tidal winds, the 
waves radiated by the noise ring in that duct can propagate to considerable ranges. 

Such an explanation is in conformity with experimental observations namely that the speed of 
sound waves along such paths is slightly leas than the speed of sound at low altitudes. We find that 
it is roughly equal to the speed of sound at 80°C plus 20-25 m/s easily accounted for by non linea¬ 
rity in the propagation. 

The purpose of ths paper is to provide a comprehensive view of the phenomenon, supported by 
a calcu&ltion which, although elementary, demonstrates the radiating properties of the noise ring 
in directions others that those of the rays which formed it. 








THEORIE DE LA PROPAGATION ACOUSTIQUE ATMOSPHERIQUE 


Dr Ch. BERTHET? Prof. Y. ROCARD* 


Equations de depart 


On conaid&re quo 1*atmosphere est un mil ieu stratlfi^ hor i- 
zontalemen t ot on neglige la courbure terrestre. Les proprie¬ 
ties de cette atmosphere sont done independantes de x, abscisse, 
et no dependent quo de l'altitude z. 

On considers en outre quo 1 'air eat un gaz parfait . 

Soit une perturbation d'amplitude infiniment petite se propa¬ 
geant dans ce milieu avec une certaine vitesse U(z), variable 
uniquement avec l'altitude z. Si on appelle a 1'angle d'lui 
rayon avec 1'hor.izontale, en 1'absence de vent, la propagation 
suivru la loi de Descartes, soit 


U(z) 




1'angle a etant ^galement fonction de z, et les rayons auront 
une courbure donnee par la formule classique 


coa a 3U 
U(z) d z 


R 
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(2) 


= U(z). nin a 


Kliminant a entre ces trois Equations, il vie.nt : 


£(K 0 - v) 2 - U 2 ] U, £(K q _ v) 2 -U 2 J 1 ^: 


On suppose qu'4 l'int^rieur d'une tranche d*atmosphere d’^pais- 
seur A z le vent est constant (v(z) = constants = v 0 ) et la 
vltesse U(z) varie suivant la loi 


U 2 (z) = Q (z - z 0 ) + U 2 (z q ) 


(5) 


Q etant une constants, variable de tranche en tranche. 

On tire alors do l'equation (4) trois Equations different!el- 
les simples donnant la distance x, la longueur s et le temps 
t en fonction de la variable z. La constante z Q eat l'alti- 
tude inf^rieure de la tranche dans laquelle on effectue les 
calculs. On pose enfin, pour ail4ger les caleuls, 

G n = K 0 - v Q 
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On 




U [g 2 - v z ]* 


U 2 G 2 + 2U 2 G 0 v 0 + G 2 a 


O* (G 2 - U 2 ) 



( 8 ) 


La pente du rayon est 4videmment donn^e par (6), d'autre part 
G est une constant© d© la tranch©, variable d© tranche en 
tranche comm© la Vitesse v q . 


On trouve ainsi, avec v , s et 
gration, les Equations suivantes 
la longueur de rayon et le temps 
partir du bas de la tranche dans 
tion. 


t comme constantes d'int4- 
pour la distance horizontal©, 
de propagation, comptds a 
laquelle on fait l'int^gra- 


1*8 


















Deter minate on definitive do la vlteseo 


H. BETHB, dfcs 19V), a 
de l'air ou sol, dans 
atmonph^rique. 


propone pour 1'evaluation flo la vitease 
une atmosphere homogime i la preasion 


u (km/e) 


0.02 ^1/3 


ou s eat la distance (an kilometres) parcourue par l'onde 
et V la puissance da 1 'explosion qui rionne naissance a cette 
onde, on kilotonnes equivalontos do trinitrotoluene (T.N.T.). 

(l kilotonne = lO 1 ^ calories) 

II on renulte, en tenant compte de l'effet d'amplification on 
fonction de 1'altitude, qu'& une altitude z on a 

, , . 0.02 1A 

u(km/s) ^ —-- W 0 exp(+z/ 2 H) 

Cette dernifere forroule, combines it la formula donnant la va¬ 
lour de U an foj.ition de u et de c, conduit & 1’expan¬ 
sion complete de la vi t-'eso de propagation, 

/ , v 0.012 1A 

U (tan/a) a --- w J 

cette demi^re fortmO.e se aimplifiant et conduisant u la formule 
suivante, en premiere approximation : 


0 . 012 2 
■~75 - 


„V3 


U(~) (km/o) = c(z) 


0.012 


v '4 


exp(-.z/ 2 H) 


ioO 




























clans une utmonphkro normal© k lti tompdruturo do 210 degrees | 

Kelvin environ, solt oncoro - 6") degr^n Celsius. 5 

! 

,] 

Cette vltease moyotmo, ot pour uno propagation couvrant 7400 km, 

est nettoment sup*?ri©u.ro a cell© quo l'on pourrait prevail’ on *'■ 

oxtrapolani nos d iagranimns do propagation. En offot, on trou- J 

vomit dos tomps do propagation d'onviron 12 k 1 4 houres pour 
cotto distance ot partant, dss vitesses apparentes moyennea 
do 140 k 170 m/ 8. 

t 

II oat done ciair quo le m^canisme expos*? prfic*?demmont no con- 
viont pas, diroctomont, pour oxplicjuer eo typo do propagation. 


Lc m^oanisme Eventual d'uno telle propagation - k tres longue 
distance - par le moyen doa ondes de gravity ne conviont pas 
non plus pour deux raiaoiui: d'une part, nous l'avons di$jk in- 
diqu<t, lea p^riodes des ondea consid 4 r<?ee> ici aont de l'ordre 
de 30 a et meins, alors quo cellos des ondes do gravity attei- 
gnent plutfit 1 minute et mfeme 2 ou 3 mn. D autre port, los vitos¬ 
ses do propagation los plus faibles des ondes de gravity depas- 
sent nettement 300 m/a pour atteindro 315 m/a pour des poriodes 
de 3 minutes. Nous allons voir que cos caract^ristiques, ot 
surtout cello, pour la vitosse, d'etre plutflt de 290 m/s, con- 
firment l'hypothfeso que nous aliens avanoev quant au mecanis- 
me physique de co typo particulier do propagation. 


Retorr sur la propagation uormale proch e 


L'^tude approfondi© des propagations non—lin^aires normalos 
expos^es plus haut conduit a une constatation int<$ressante. 

- pour une propagation linealre . done 4 v«c une puissance W 
nulle, beaucoup de rayons atteignent l'altitude de 200 km et 
ne reviennent pas, les autres ne revionnent au sol qu'apres 
s'fitre r^fl^chis assez haut. 
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lynx t h rforljjno du layonnomont par la oouro i nm 

Pout- drfmuntror qua la couronna da bruit rayonne offectlvomant 
an ilaho ra du di&dre formrf par las rayons axtrfimos, 11 eat 
ndceatniro do falre appal, nncoro uno 1'oia, k duo tormoo da 
non-lin^arit^. Nous aliens montrer cecl lain tin ca» partlculler 
s imple , qul oorait facile k g«?nrfralioor. 

I,'Equation adlubatiquo 

PV^* - conatante (l) 




P 


P„ 



( 2 ) 


si on admet par exomple uno intersection des 
rayons sonoros suivant 0 X et 0 Z „ 


Dans un domains oil les ondes peuvent fttre considtSr^es conune 
sinusoldales, on aura 


- A sin u/j(t - —i—) 
et = D sinW 2 (t-—) 


(3) 


Reportant cos expressions dans la formule (2), il vient. <£vi- 
demment 



<^(t - _i_) + Mz 
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propagent. A une distance D do la source sonore ot pour une 
longueur (l'onde y, la deml largeur du rayon, deveriu uri l'aieceau, 
eat r, donn^ par Tfr^ - Ad/2. Or, pour une longueur d'ondo do 
6 k 8 km, on volt quo cette demi largeur attolnt de 10 4 11 km 
& 1OO km de distance. 


L’dpaisaour maximum du guide dos 90 km ^tant do 25 km environ, 
11 eat clair quo lo guidage sera loin d'fitro parfait. II on r^- 
aulte quo de 1'rfnorgio infrasonore va fuir vera lo baa, et vera 
le baa aoulemert, lo gradient poaitif tree £lev<$ de temperatu¬ 
re qui limite aupiSrieuroraent le guide empAchant lea rayons de 
s'^chapper vera le haut. Cette fuite va ne produlre k peu prks 
tout au long du pe.rcoura, b. partir de distances de 1'ordre de, 
diaona, 200 k 1000 kilomktx-es. 

En effet, tout rayon frftlant 1'altitude des 50 km a des chances 
d'etre ditoura^, et coci sans espoir de retour, par le gradient 
Inverse de temperature ex Laiant ontro 20 et 50 km. 


Un pikgaage dA a la eeule courbure terreatre eat Impossible. 
Lee rayons aulvront le guide, un peu k la manikre de la lumik- 
re dans lea fontaines luaineusoe, les ordres de grandeur du 
rayon de courbure terreatre (6400 km) d'une part ains- 1 que du 
guide et dea longueurs d'ondo d'autre part n'ayant aucun rap- 


Un facteur est determinant, par contre, dans une propagation 
de ce type: le vent k 1'int^rieu.r du guide . Supposons en effet 
qu'il existe un vent k l'int^rieur du guide, dont le profil 
presents on minimum ou un maximum. II esi evident quo dans le 
premier cas ce profil de vent va contribuer a accentuer le 
guidage, tout en ralentissant un peu la vitesse g^n^rale de 
propagation. Dans le deuxikme cas, 1*inverse va so produlre, 
et le vent diminuera l'offlcacittS du guide. 
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EXCITATION PAR IfiE EXPLOSION DU MODE TRANCHANT ABCSPHERIQUE DE LAMB 


par 


J.W. Posey et A.D, Pierce 


SOMAIRE 


Dee observations antfo-ieure* ont morrtre que lea relevta de presaion effectu6s A grande 
diatance at an nireau du sol, but des ondes acoustiqued et de gravity engendrSes par une explo- 
•ion, aont souvent dominos par le mode trenchant atsoaphfirique de Lamb pour le premier cycle ou 
lea deux premiers cycles. Au coui'S du present expos6, lea auteurs examir.ent particulijrement 
l'excitation de ce mode par une onde de souffle provoquee par une explosion importante dans 1'at¬ 
mosphere. Cn a pu observer que la forco de l'excitation depend dans une large mesure de la queue 
de l'onde de souffle. Toutefoia, on ne possAde pas d'informations but 1* forme exacte de cette 
queue d'onde de souffle [ par consequent, toute representation analytique est obligatoironent 
aaaes arbitraira. 

Un develop?ament thforique aontre que, pour le mode de Lamb pur, il exists une relation 
analytique simple entre l'enargie de i* source, d'une part, et, d'autre part, l'amplitude et la 
periode initialea du typo d'onde de pression enregistree dans le champ eioignfi, Cette relation est 
compare* av«c certaines donnees empiriquea, et semble bier, concorder avec leB estimations d'ener- 
gie baste* sur des observations sismiques. 
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EXPLOSIVE EXCITATION OF IAMB'S ATMOSPHERIC EDGE MODE 


Joe W. Posey* and Allan D. Pierce 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
U.S.A. 


ABSTRACT 


It has been previously demonstrated that far-field ground-level pressure observations 
of explosively generated acoustic-gravity waves are often dominated by the Lamb atmospheric 
edge mode for the first cycle or two. in this paper, particular attention is given to 
the excitation of this mode by a blast wave from a large atmospheric explosioi . It is 
found that the strength of the excitation is strongly dependent upon the tail of the 
blast wave. However, information on the precise form of the blast wave tail is unavail¬ 
able, so that any analytical representation must be somewhat arbitrary. 

A theoretical development shows that for the pure Lamb mode, a simple analytical 
relation exists between the energy of the source and the initial amplitude and period of 
the far-field pressure waveform. This relation is compared with some empirical data and 
appears to be in fair agreement with yield estimates based on seismic observations. 

1. INTRODUCTION 

Lamb [1910] found an acoustic wave propagation mode through an isothermal atmos¬ 
phere above a flat, rigid ground and in the presence of gravity which contains no 
vertical particle motion. This mode propagates nondisperflively at the speed of sound c, 
and has a pressure profile which decays exponentially with altitude z. 

p(5,z,t) = f(ct - i • tyj e “ g3/c2 f 1 * 1 ) 

Here, it is the horizontal position vector, t is time, g is the acceleration of gravity, 
and k is the unit vector in the direction of propagation. Bretherton [1969] found the 
long wave speed, c L , for the counterpart of Lamb's mode in a temperature-stratified 
atmosphere, and Garrett [1969a,b] determined the dispersion relation for this mode, 
which he called the Lamb atmospheric edge mode, in a temperature-and-wind-stratified 
atmosphere. Garrett's dispersion relation may be simply expressed as 

o) = c E k - Dk 5 (1.2) 

where w is frequency, Cg is the equivalent long wave speed in the direction of propagation, 
D is the dispersion coefficient and k is the wave number. For realistic temperature and 
wind velocity profiles, Cg is approximately Cg plus an average wind speed in the direction 
of propagation. Since the edge mode is nondispersive in an isothermal atmosphere with 
constant wind, it is no surprise that D increases with the rms deviations of the profiles 
of sound speed and wind speed. Since the Lamb mode energy decays exponentially with 
altitude, the appropriate weighting function for calculating prefile averages decays 
similarly. 

Pierce and Posey [1972] investigated the Lamb mode further, comparing its 
dispersion curve and waveform synthesis for a particular case with the corresponding 
curves and synthesis resulting from the multi-mode theory as detailed earlier by the 
same authors [Pierce and Posey,1970]. It was demonstrated that the earliest cycle or 
two of observed acoustic-gravity waveforms thousands of kilometers from explosive sourc j 
are sometimes dominated by the Lamb edge mode. 

In this paper, the problem of mathematically modeling a nuclear-explosion blc.st 
wave is examined, and some theoretical edge mode waveform characteristi s are noted and 
compared with observations. 

2. BLAST WAVES FROM NUCLEAR EXPLOSIONS 

The basic nonlinear hydrodynamic model of a nuclear explosion [Taylor,1950; 

Brodu,1955,1968] consists of an initially isothermal sphere of very small radius in 
an unbounded isothermal atmosphere with negligible gravity. The initial sphere has 
ambient density and fluid velocity, DUt is assumed to have very high temperature and 
pressure. Tne total initial potential energy (the specific heat of air is assumed 
independent of temperature) inside the sphere is assumed a fixed r raction of the total 
energy Y released by the explosion. It would appear from comments in sections 1.22, 

2.119 and 7.25 of Effects of Nuclear Weapons (ENW)[Glasstone,1962] that Y/2 is a good 
approximation of this - initial energy for bursts below 100,000 ft ( 30 km) and a fair 

approximation at altitudes up to 350,000 (~ 100 km), although no quantitative description 
of this fraction is given. In any event, the results of this paper will not be invali¬ 
dated by such a variation, provided energy yreld is always interpreted as twice the 
hydrodynamic energy of the explosion. 


* Present address: General Motors Research Laboratories, General Motors 
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P - P u F(R/cT Y ,t/T y ) (2.1) 

where F is a universal function of two dinensionless quantities and where Ty is a charac¬ 
teristic time, which may be defined as any constant times (Y/p ) 1/, /c For convenience 
Ty is defined such that, when p and c correspond to the standSrd reference pressure 
(Pref " 1 atn > and sound speed (c ref = 331 m/sec) and when Y is 1 KT (4.2 • 10'* ergs), 
then Ty is equal to the time duration t ref of the blast wave at a distance R ref (taken 
here as 1 mile) from .-i j. KT explosion. As explained later in this section, t re f is 
chosen to be 0.33 sec. Thus, ' 


T Y ~ (p ref /p o ) ‘ 3 (c ref /c;)Y KT 3t ref (i-2) 

re 

Y kt = Y/(4.2 x lO 1 '* ergr.) (2.3) 

Since, in the homogeneous atmosphere currently being considered, the amplitude of 
lay be expected to fall off nearly inversely with R (spherical spreading in linear 
lustics), Eq. (2.1) may be rewritten in the form 


3 ' ref p 


:ef 


: i;ef fc ref 


where at large distances R, F. should be a relatively slowly varying function of its 
second argument. Here (Ap) ref is the shock overpressure at the reference distance R re f 
from a 1 KT air burst in the standard atmosphere. 

Brode's [1955] results indicate that Ap falls off roughly as R -1 at distances 
greater than 3> where = (Y/2p ) i/ 3 . For the reference burst described above, 

X 0 re f « 276 m<°Rref “ 5 ° 94 *o ref' fc ref = °-33 sec, ar.d /Ap / rft f = 34 mbai . The solid 
line in Fig. .1 is the approximate form of Fj[(t - ts)/tref/AoJ inferred from Brode's 
paper. Here A 0 is (Rref/(Creftref)1 The negative phase duration is constant at about 
1.22 A 0 /c 0 (1.01 sec for the reference ca3e). Since (Ap) re f is only about 3% of po, the 
theory of weak shocks (Whitham,1956) shculd apply at R re f, which implies that the duration 
of the positive phase T. will increase with distance in the following manner. 
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f<*P>ref 1 R_ 1 

1 n p 

ref ref ref ref 


ref _ 


■ 0.33 [1 + 0.047 In(R/R 


)]’■ 


ref 

Thus, the shock will propagate an additional 140 km before T + : 
as 10%. (T + * 2 t re f at a range of exp,'63.9)> R re f.) Brode g: 

the character of the pressure history after the neqative phase. 

In ENW, the following analytical approximation (shown in Fig. 1 by the dashed 
line) is given for the form of the pressure history in the blast wave. 


Pg/Ap * (1 - t/T f )e 


,-t/T . 


U(t/f,) 


Here t is measured from the onset of the shock. This agrees reasonably well in the 
positive phase with Brode's result, bu' there are major discrepancies in the neqative 
phase. The ENW curve, often referred to as the Glasstone pulse, reaches a minimum of 
only p/Ap - -0.1! and has a negative phase of infinite duration. On the other hand, 
Brode's pulse has a minimum of -0.44 and goes to zero at t/T + = 3.83. These differences 
are of little consequence when estimating damaqe due to the biast wave, which was the 
original intent of the Glasstone pulse approximation, but they might be of considerable 
importance in determining the excitation of low frequency acoustic-gravity waves. Never- 









f(t) 


P G /Ap - -iu'/[2ir (iw - 1/T + ) 1 ] 


p_, - p_[l -2e‘] 


Thus, the approximation Eq. (2.7), which shows better agreement with the calculated blast 
wave, appears to excite the frequencies of interest at only 1/4 the level of the Glasstone 
pulse given by Eq. (2.6). However, since the low frequency content of the pulse is 
governed by its tail, and since it is not known whether either of the analytic approxi¬ 
mations is representative of the true pulse after the negative phase, the Glasstone pulse 
is used in the remainder of this paper to represent the blast wave because of its simpli¬ 
city. An ancillary reason for this choice is that, as noted earlier in this section, the 
Glasstone pulse has been used previously in the syntheses of acoustic-gravity waveforms. 
Thus, the blast wave pressure is taken to be given by Eq. (2.4) with F. (t/t ..,A ) 
approximated by [p G (t/T + )/Ap] as given in Eq. (2.6). That is, 1 

Pl«.A 0 ) = (1 - £;)e" 5 (2.10) 

3. FAR-FIELD PRESSURE WAVEFORMS 

The theory of excitation of the Lamb mode by an explosively generated blast wave 
has been detailed by the present authors (Pierce and Posey,1972). For the purposes of 
the present paper, the far-field pressure waveform may be expressed by 

p(?,t) = G(? 0 ,jf ,c L (x,y) ,^ L (x,y) )i(/(t,s,0) (3.1) 

Here ? denotes the observation point and ? the source location. The function G is an 
amplitude factor which contains effects of°the horizontal refraction of rays, of differences 
in ambient conditions and ground levels at the source and receiver, and of source 
strength (through the factor Y 1/ ' 2 ). The refraction of rays occurs whenever the gradient 
of c E (x,y) normal to the ray path is not identically zero. The general form of G is not 
repeated here for the sake of brevity. The Lamb mode long wave speed c E is determined by 
the temperature and wind velocity profiles, which varv with the horizontal coordinates 
x, y. The function t|i depends upon the source strength and the average cp and dispersion 
coefficient D along the ray path from source to receiver as well as upon time t, approxi¬ 
mate distance along the ray s and ray parameter 0. Specifically, 


lal source function M(,j) is given by 


1 > 4 










and may be interpreted as the characteristic time dependence for the Lamb mode pressure 
in the intermediate field (before dispersion has had an appreciable accumulative effect.),. 
A plot of M(u) in given in fig, 2 r Here, U(p) is the HeaVisidd step function. 

Since M does not vary from case to oase, the shape and amplitude of ip are deter¬ 
mined solely by the ratio Ty/rn, with a change in T a resulting only in a tine shift. The 
variation of i(, with Ty/tQ Ls illustrated in Fig. 3. One of the present authors [Posey, 
1971] has synthesized Lamb (node Waveforms for a number of realistic atmosphere's, source 
strengths, and range?. It has been noted that Ty/T D has normally been in the range 0.1 
to 0.3. The largest: value of this ratio calculated to date in 0.4, corresponding to an 
observation 1666 )cm from a 60 MT exu.losi.cn. The ratio mav be shown tp be rouqhlv 
proportional to (Y/R) 1 '' 3 . 

4. DETERMINATION OF EXPLOSION ENERGY FROM PRESSURE WAVEFORMS 

Since the waveform dependence on Y has been clearly defined, and since only a 
limited range of Ty/td appears to b,e of practical interest, the inverse problem of deter¬ 
mining Y from the shape and magnitude of observed waveforms would seem to be tenable 1 . 

A numerical study of iji shows that a^/(Ty/x D ) 3 ' 2 is 0.95, 0.90, 0.85 and 0.77 for 
(Ty/TD, egual to 0.1, 0.2, 0.3 and 0.4, respectively. Hero aj is the absolute variation 
variation of from its first peak £o its ifirst trough. 'The following approximation is 
adopted. 

a l /(T Y /T D ) ’ /I “ °' 9 (4-D 

The ratios of the periods (and other calculations not shown here) to x D in the' 
in the first few cycles would appear from Fig. 3 to be relatively insensitive to the 
value of Ty/xp. One finds 

T l,2 ”■ 4 *° t D ,(4.2a) 

' T 2,3 = 2 * 6 t D ' (4 ’ 2b) 1 

where the period Ti 2 is first peak to second' peak and the period T 2>3 is second peak.to 
third peak. Eqs. (4.2a,b) imply that Ti f2 /T 2( 3 33 approximately constant at 1.5 for the 
Lamb mode, but observations of explosively generated acoustic-gravity waves exhibit 
significant variations in this ratio, due perhaps to interference of other modes with 
the Lamb mode. As noted in sec. 1, it is the earliest portion of the observed waveforms 
which is apt to be dominated by the'Lamb mode. Thus, ~ D is.approximated here by T^ 2 /4, 
which assumes that the edge inode is dominant at least until the second peak. 

The dependence of G on atmospheric parameters along the ray path can be eliminated 
by ignoring horizontal refraction, and its dependence on conditions at the receiver can 
be eliminated by taking the observer to be at sea level and by assuming that the ratio 
CL< x o»yo)/ c L^ x 'y) is approximately 1.0 and that |\> L | at each of these two locations is a 
email, fraction of c L . Heire, (x 6 ,v 0 ) are the horizontal coordinates of the source and 
(x,y) of the receiver. The vector is thd weighted average of the wind velocity pro- 1 
file. Hence, G is approximated by 

G = Y/[T y 3 / 2 B 1 sin ,/ 2 (R/r e )p o 1 ~ 1 /Y (jf o )c 3/2 (? o )] (4.3) 

where B^ is a dimensibned constant equal tp 1.440 atm * 1 -Y *' /Y km~ 3 / 2 ubar - 1 KT, R is the 
great circle distance from source to observer, i e is the radius of the earth, p 0 is the 
ambient pressure, y is the ratio of specific heats (=1.4), and c is the local speed of 
sound. 1 

Eqs. (3.1), (4.1), (4.2a) and (4.3) may be combined to 1 obtain the approximate 
relation 

Y = B 2 sin 1 / 2 (R/r e )p o 1 " 1/Y (? o ) [d(? c )T 12 ] 3 / 2 P fpt (4.4) 

(1-y)/v 

The numerical value of the constant B 2 is about 0.199 atm 1 'km ubar 'KT with r e 
taken as 6374 km. The dependence on ambient pressure at the source is'fairly v(eak 
within the troposphere, since at 10 km (the approximate altitude of the tropopause) in a 
typical atmosphere, 1 p 0 l - l/Y = 0.7 atm 1 - 1 /Y. The speed of sound at the source can also 
vary, but generally stays within 15* of 310 m 3 ec~‘ up,to an altitude of at least 60 km. 

Taking p 0 (? 0 ) to be 1 atm. and replacing c (? Q ) by 310 m sec 1 , one finds that 
Eq. (4.4) is further approximated by 

Y = B 3 sin ,/ 2 <R/r e )T 1#2 !/2 Pl ., pT (4.5) 

The constant B 3 Has a value of obout 0.034 ubar ‘sec 3 /,, KT. The relation (4.5) is 
considered applicable for height? of burst at least up to the tropopause. Because of the 
nature of the assumptions outlined above, : this prediction may be too large for blasts 
where p 0 (z 0 ) < 1 atn or for records at long ranges from snail yield explosions [i.e., 
Ty/ T D ) < 0.21 and too small for records at short ranges from large yield sources [i.e., 
T y /t d ) > 0.2). 


1*5 


The waveform parameters Ti 2 nnd PV'PT rea d from an observed microbarogram sihould 
properly be used in Eq. (4. *5) only when the record prior to the second peak represents 
almost solely the Lamb mode prosoure perturbation. In principle, this can only be the 
case when r.here is negligible background noise, when there is not yet appreciable contri¬ 
bution to the record from other mechanical modes, and when there is neqliqible phase 
bhift due to instrument response. 

In order to check the agreement between the approximate Lamb mode relation and 
the empirical waveforms, the quantities Ppp-r and Ti 5 are measured on the records 
presented by Harkrider [1964] and by Donn and Shaw [1967] . The records used here include 
a.Ll of those in these two collections for which nflth (19621 gives a source yield estimate, 
for which the pressure scale could be determined and for which the first cycle of the 
signal is recognizable above the background noise. Pressure amplitudes for Harkrider's 
records were computed using his microbarograph response data. Pressure amplitudes for 
the Donn and Shaw records were determined according to the promises (W. Donn, private 
communication] that (a) all records recorded by Lamont. type A mrcrobarographs are to the 
same scale and (b) the clip to clip amplitude of off scale oscillations was 350 ubars. 

The data read from these waveforms is given in Table 1. In Fig. 4, the data is compared 
with the approximate theoretical Lamb mode relation of Eq. (4.5). Tire yield Y is taken 
to be given in each case by B&tb’s estimate based on seismic data as shown in Table 1. 

(The validity of these yield estimates has not been established, but they are the only 
quantitative estimates which have been published.) Note tnat the plot is full logarith¬ 
mic. (This comparison was originally published in a letter to Nature (Posey and Pierce, 
1971].) 

The scatter about the theoretical curve could be due to various causes other than 
interference with the Lamb mode by other modes and by noise. One possibility which seems 
especially likely is the variation in amplitude due to the horizontal refraction and 
subsequent focusing and defocusir.g caused by departures of the atmosphere from perfect 
stratification as discussed in some detail by Posey (1971]. Also, some of the scatter 
would not be present if data corresponding to explosions of qreat.er than 11 MT were 
omitted. Above all, it should be remembered that, the first part of this paper was 
devoted to demonstrating that the source function utilized here was chosen primarily for 
its mathematical simplicity. A more realistic source function might result in a very 
different proportionality factor in Eq. (4.5), but the form of this relation would be the 
same. Thus, while the amplitude agreement seen in Fig. 4 is primarily due to chance, it 
is heartening to see that the theoretical curve appears to have the correct slope. 

5. CONCLUDING REMARKS 

Two points have been made in this paper. First, the degree of excitation of 
acoustic-gravity waves by a blast wave is heavily dependent upon the tail of the exciting 
pulse, about which little has been published. Second, a simplified analysis of acoustic- 
gravity wave propagation in which a single ducting mechanism (Lamb mode ducting) is 
considered results in a simple analytical relation between source strength and initial 
waveform amplitude and period. It is suggested here that similar analyses for other 
mechanisms of ducting (sound channel ducting in particular) might be useful in deriving 
other relations between waveform parameters and parameters of the source and/or medium. 
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TABLE 1. 

Observed amplitudes and periods. This data corresponds to empirical microbarographs published by 
Donn and Shaw (1967) and by Harkrider (1964), referred to as DS and H, respectively. 

(a-i, U.S.S.R. explosions; j-n, U.S. explosions). 


Bath's Yield 

Event Date Estimate (MT) R(km) 

a 9-10-61 10 3676 

6644 

b 9-11-61 9 8000 

c 9-14-61 7 6569 

d 10- 4-61 8 8000 

e 10- 6-61 11 6674 

8000 

f 10-20-61 5 8000 

g 10-23-61 25 6677 

h 10-30-81 58 6688 

5631 
8000 

i 10-31-61 8 5717 

j 5- 4-62 3 5375 

k 6-10-62 9 2177 

1 6-12-62 6 2172 

m 6-27-62 24 2192 

5393 
9307 
9350 

n 7-11-62 12 2185 


T 1,2 <sec) P FPT (iJbar) 

193 100 
280 70 
229 125 
258 61 
220 80 
300 59 
390 45 
310 21. 

376 280 
400 500 
540 133 
690 140 
386 25 
200 36 
187 125 
200 55 
187 264 
433 83 
500 90 
467 90 
200 180 


Source of 
Microbarogram 

DS 

DS 

H 

DS 

H 

DS 

H 

H 

DS 

DS 

DS 

H 

DS 

DS 

DS 

DS 

DS 

DS 

DS 

DS 

DS 
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EDGE MODE SOURCE FUNCTION, M(/i) 


Fig.l Blast waves from nuclear explosions. The solid line is deduced from Brode's (1955) calculations. The functions 
p G and p G ' are as given by Eqs. (2.6) and (2.7), respectively. 



Fig.2 Universal source function, M(#i) This function, given by Fq. (3.22), describes the time variation of the 
effective source for edge mode excitation by nuclear explosions. Here p - t/Ty, where T y 
is a characteristic time for the explosion. 
















DISCUSSIONS ON THU PAPURS PRESENTED IN SESSION I B 
(Acoustic gravity waves in the neutral terrestrial atmosphere - Artificial sources and propagation) 


Discussion on paper9 t "Acoustic gravity vavee in the neutral atmosphere and the ionosphere", 
by N.K n BALACHaNdRAN, 


Prof. H. VOLLAMD : Did you take intr account heat conduction and viscosity at thermospheric heights in 
your calculations T Due to viscosity, acoustic wave energy is strongly dissipated vithin a frequency 
range increasing with altitude. Above 200 km altitude only infrasonic waves with periods between about 
• ae minute and the ecouetic cut-of'' period are ejected to exist with detectable amplitudes. 

Dr, fl.K, BALACHAHDRAN : No, in my ccmy'jtations viscous effects and heat conduction were ignored. For de¬ 
tailed analysis of waves detected at high elevations these factors are important, For waves recorded at 
the ground level, the observations can be explained reasonably even if we ignore viscosity and heat con¬ 
duction in the theoritical computations. 


Discussion on paper 10 : "Modeling of nuclear sources of acoustic-gravity waves", by B.L. MURPHY, 


C.F, P, HALLEY : Dans vos conclusions il apparntt que deux periodes sont privil£gi6es t et 2 t , 
S'agit-il bicn de la pSriode de Rrunt-Vaisala 4 1'altitude de l'explosion T Dans nos ofSservat i8no nous 
trourons plutot x^ et 2 4 1'altitude J'observation. 

Dr. B.L, MURPHY ! Tn our model the source (fireball) oscillates at a period between t anc* 2 t , vhere 
t is the Brunt-VSisSlS period at tne stabilisation altitude (at or near the tropopaufe). It if tempting 
for me to ascribe the oscillations you observe to buoyancy oscillations of the fireball but I have no 
explanation as to why the period should be related to t g at the observation point, 

Ik-. K. DAVIES : Bculder H,F. Doppler records show that 1 -in, waves propagate nearly vertically, so that 
they appear to leak from duct over Bouller which is many thousands of kilometers from nuclear burst. Can 
shock wave propagate over these large distances 7 

Dr. B.L. MURPHY : One can show from equation (3) of our paper that after m skips between the base of the 
ionosphere and the ground the positive phase duration of a weak shock is increased by a factor of appro¬ 
ximately (1 +i(u m) 1 / 2 over the positive phase duration when the shock first reaches the ionosphere. 

Thus subsequent lengthening of the positive phase of a weak shock after the first Bkip would not be large 
enough to affect our main argument, namely that the positive phase duration of the shock at the ionosphere 
and the observed lonospheri x periods are of the seme order of magnitude. How long in fact th< weak shock 
stays a shock (i«e, a disturbance whose front satisfies the Ra-xine-Hugoniot relations) I do not know. 

One can imagine a variety of atmospheric phenomena which would tend to destroy a shock structure : 
ecaterring of the high frequencies at the shock front by turbulence or small scale wind gradients, spatial 
separation of high frequencies by frequency dependent dispersion or refraction, and alteration of pulse 
structure by passage through a caustic. It may be that acoustic, as opposed to weak stuck, equations ore 
applicable after only a few skips betveen ground and ionosphere. 

Dr. N. CHANG : In regards to the Y 3- ^ 3 scaling for short periods oscillations in the ionosphere, I believe 
that most of the Doppler observations shoved periods in the range UO-90 Beconds, This seemn to be a con¬ 
tradiction of the above scaling. 

Dr, B.L. MURPHY : According to Baker (1969) the periods ranged from 30 seconds to 10 minutes, periods of 
about a minute being predominate. Typically the yields involved were about a megaton, I do not know if.a 
sufficient spread of yields were involved that one might check the period-yield scaling. The (yield) -1 ' 3 
lav is a rough estimate of what might be expected. For large yields, deviations from this lav can be anti¬ 
cipated due to : (a) The interaction of the rising fireball with the shock. As noted by Greene and 
Whitaker (1968) this effect tends to compress the going shock and hence the yield exponent would tend to 
be less than 1/3 • (b) Other inaccuracies associated with modified Sachs scaling for large yi.eldB, 


Discussion on paper 11 : "Un nouveau mecanisme pour la propagation lointaine du son dans 1'atmosphere" 
by Y, ROCARD and C. KErTHET. 


Dr. A. PIERCE : This paper evidently gives a method of incorporating nonlinear effects into the theory of 
geometrical acoustics vhich is considerably different than that used in the analogous field of sonic booms, 
the theory of which was developed by Duirsud, Hayes, and Whitham. In sonic boom theories, nonlinear effects 
are neglected in the determination of ray paths, and one dimensional weak shock theory is applied to de¬ 
termine shock waveforms of shocks propagating along a ray tube. An important factor there is the variation 
of ray tube area with focusing on defocusing rays. This factor has evidently been neglected in the pre¬ 
sent paper. 


1.0 






Prof. C. BBKTUET i L'affet do fccalisation art de dAfoca-Liaation des rayons reiti trAs saoondaire derrant 
la causa fondsmantale da non-1 interitA da 1* propagation dana l'atmoaphAre, liAe i la diminution axponan- 
tiella da la dsnaitA avec l'altituda at aur laqualle a AtA basAe notro approche, Naturellament, on pour- 
rait tenir eempte da la focoliaation au :moment oil lea rayons ae rapprochant an uno ligne focale dana la 
"eouronne da bruit'* t on trouverait alors qua lea effete non-linAaires aont quel quo pau augmentAs, 

Ibte daa prof. Y, ROCARD at C. BISTHET : 

"La traitaannt da Graane at Whitaker eat beaueoup plus gAnAre! qua lea conclueiona qu'en out tirS lea au- 
taura. La calcul, basA aur las Aquations hydrodynamiquaa gAnAraleo, n'eat pas restraint au seul caa daa 
ondas de gravitA at lee configurations donnAsa par example figures 5 rt 6. qui montrent des roeuda de 
pression & haute altitude, ne aont autros que celles qua nous avons appelAes "eouronne de bruit", Quand 
Greene et Whitaker disent que tout se passe comme si lea ondes de gravitA ae rAflAchissaient aur le fort 
gradient thermique de la haute atmosphere, ila pourraient Atendre cette conclusion aux ondes acoustiques 
quelconquea. 

Notre approche par une acouatique de rayons asset simple a permis de mettre conoodAment en Evi¬ 
dence la "eouronne de bruit" et de dAmontrer que cette eouronne Atait une nouvelle source rsyonnant dans 
des directions nouvellea. La confirmation apportee par Greene et Whitaker au moyen de caleuls sur ordi- 
nateurs puisaanta et la description plus prAcise qui en eat resultA ont juatifie notre mAthode," 


General discussion 


J. TESTliD : En 1970, noua avions fait un calcul thAorique montrant que l'Alectrojet auroral, qui ae d'sre* 
loppe pendant un sous-orage magnAtique, Atait capable d'engendrer des ondes atmoaphAriques compatibles 
avec lee observations it moyenae latitude de perturbations ionosphAritjuea itinArantes de grande Achelle : 
pAriodes de l'orlre de deux heures, vecteur d'onde de l'ordre de lO - -* m“l, Cependant, ce module thAorique 
repoaait aur des hypotheses sinplificatricea qui en limit&ient la validitA : la hauteur d'Achelle H de 
1'atmosphSre Atait aupposAe constente, et les effeta d'araortia3ement Ataient totalement nAgliges, 

On a rAcemient repria ce calcul, en eaeayairt de lever cette limitation : 

- on a utilisA un module rAaliste >our I'Achelle de hauteur H, 

- on a tenu ccmpte de l'amortissement dCt a la conduction thermique (Cet effet est la principals 
cause d'amortisaement dans la region F de 1*ionosphere,) 

- on a conoidArA que l'approximation de 1'optique gAomAtrique Atait applicable aux ondes AmiseB 
par la source. 

Le rAsultat de ce calcul est le suivant : •" 

A 2 500 km de la source et vers 300 km d'altitude (ce qui eBt typique d'une observation i moyenne 
latitude en rAgion F) la perturbation de vitesse neutre horizontalc consiste simplement en un pic de gran¬ 
de amplitude de Jargeur typique 1 heure, Ce rAsultat est singulierement en contraate avec celui du prece¬ 
dent calcul avec lequel on obtenait des oscillations pendant environ 6 heures. 

Ce rAsultat eat important pour 1'interprAtation des perturbations itinArantes liAes aux orages ma- 
gnAtiques, II montre que la pAriode des "ondes" observees n'est en fait que la periode de rApAtition des 
sous—orages dons la aione aurorale, periode de rApAtition dont la valeur la plus probable est d'ailleurs 
deux heures comme l'a montre AKASOFU. 
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JUSTIFICATION DE L'BfPLOI DES "RELATIONS ASYMPTOTIQUES" DE HINES 
RDUR LES PHmREATIONS IONOSPHERIQUES ITINERANTES 


P*r 

N.J.F, Chang 


SOMA IRE 


II eat demontr£ que lea ondes de gravity internes ae propageant & des altitudes iono- 
apheriquea doivent presenter des angles de propagation proches du maximum permiB, Ainsi f dans le 
cas des perturbations ionoapheriquea itin£rantes (PXI) l'emploi dea "relations asymptotiques" de 
Hines eat juatifie par la trajectographie. On verifie ces relations en comparant resultats theo- 
riques et experimentaux pour quinze PIIs, Les effets du profit de temperature sur les propri£tes 
meaurables dea Pile (inclinaisons des fronts d'ondes et pSriodes) sont etudies, XI est demontre 
que, pour lea PXXs qui prennent naissance en-dessous de la m£sopause, 1 1 atmosphere se comporte 
comne un filtre paase-bande avec une frequence centrals favorisant'lew periodes proches de 20 mi- 


173 


JUSTIFICATION FOR THE USE Of HIKiS' "ASYM I TOTIC RELATIONS" 
~ FOR TRAVELING IOWOSPHK1 H C DISTUILBANCES 


13-1 


Norman J. F. Chans 
Stanford Research Institute 
Menlo Park, California 
U.S.A. 


SUMMARY 


It is shown that Internal gravity waves propagating at loiwopheric heights must have propagation 
angles near the maximum permitted. Thus, for traveling ionospheric disturbances (TIDs) the use of Hines' 
"asymptotic relations" is justified by ray tracing. Verification of these relations is made by comparison 
of theoretical with experimental results for fifteen TIDs. The effects of the temperature profile on the 
measurable properties of TIDs (wavefront tilts, and periods) are discussed. It is shown that for TIDs 
that originate below the mesopause, the atmosphere behaves like a bandpass filter with center frequency 
favoring waves with periods near 20 minutes. 

1. INTRODUCTION 

Following Hines' (1960) work, traveling ionospheric disturbances (TIDs) are generally interpreted as 
a consequence of atmospheric internal gravity waves (IGWs), Although TIDs have been observed with a 
variety of techniques and in widely separated locations, they appear related In terms of periods and 
horizontal trace speeds. For example, TIDs with periods near 20 minutes ana speeds around 150 m/s seem 
to be most prevalent. 

Observers have found that at heights of 80 to 100 km the wavelike motions of the neutral atmosphere 
revealed by meteor trails have horizontal scale sizes greatly in excess of the vertical scale sizes. In 
addition, the dominant motion observed is nearly horizontal and the periods of the dominant observed modes 
are much larger than the Brunt~V8is31tt period cf the atmosphere. The fact that such observations are in 
agreement with certain limiting forms of the IGW dispersion equation prompted Hines (1960) to state that 
"certain 'asymptotic' relations apply to the parameters that describe these waves." These limiting forms 
have been useful not only because they simplify the dispersion relation for internal gravity waves, but 
more importantly because they reduce by one the number of parameters (period, and vertical and horizontal 
trace velocities) necessary to describe the assumed plane wave. 

This paper shows that in a temperature-stratified atmosphere, Internal gravity waves at F-reglon 
heights launched from an assumed source in the lower atmosphere must have propagation angles near the 
maximum permitted; under these conditions the asymptotic relations are alway s valid . In addition, it is 
shown that for TIDs thst originate below the mesopause the atmosphere acts like a bandpass filter favoring 
waves with periods of about 16 to 20 minutes. In the present discussion, validity of ray theory is assumed 
and the atmosphere is considered to be stationary. A comparison of the available experimental results 
supports the above conclusions. 

2. IKEORY 

The propagation of plane internal gravity waves In a two-dimensional, stationary, isothermal, non- 
disslpative atmosphere of uniform composition throughout is governed by the following dispersion relation 
(Hines, 1960): 

(a, 2 - u) 2 ) a> 2 /C 2 - m 2 (k 2 * k 2 ) + u> 2 k 2 = 0 (15 

where to <= yg/2C and m n Jy - 1 'g/C are the acoustic cut-off and Brunt-Vfiisaitt frequencies, respectively. 
The angular frequency 8f the internal gravity wave is denoted by is (<iu ), while C represents the sound 
speed, g the acceleration of gravity, y the specific heat ratio and k *and k the wave numbers in the 
horizontal and vertical directions, respectively. The geometry is chosen such that there Is no variation 
in the y-direction. 

The above equation, which is normally referred to as the Isothermal dispersion relation, can bo put 
in a convenient form with the transformations k = k sin 0 and k = k cos 0. The result is 


(2) 


where X = (uj /in) and Y «= ■ /Ui, [For the significance of these definitions see Davies, Baker, and Chang 
0969)]. The remaining pa rf mo tors are the refractive index, u, and the phase velocity, v ,and its angle 
with the vertical, 0. P 
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CALCULS TmrrK OMJH DE PEHTUd HAT IONS DE UENSITE EEECTROMqUE 
CAUSEES PAR DES OMJES BE GRAVITE ATNOSPlfcRIOUES BANS EA C0UQ1E F2 


par 

J. Klostermeyer 


SOMAIRE 


Le syst&ce conjugu£ d'£quations tydrodynamiques qui decrit lee perturbations d'ondes de 
gravite dans les gaz neutre et ionise est reoolu par une raSthode toute onde qui englobe les 
effete des tempiratures et dea vents dependant de l'altitude, de la force de Coriolis, de la 
viscosity, de la conduction thermique et de la derive des ions, Les rSsultats deB calculs con- 
cordent bien avec les donn^es experinentaj.es obtenues a partir d'ioncgrammes en incidence verti- 
cale. Les resultats des calculs numeriques sent en outre combines avec les parametres d'ondes 
de gravite fournis par les observations pour obtenir des profils d'amplitude et de phase deB 
perturbations de densite electronique suivant 1'altitude, en fonction de l'inclinaison magneti- 
que et de l'azimut de propagation des ondes, Seion les calculs, la perturbation depend dans une 
tres large raesure de l'altitude, de l'inclinaison et de l'azimut. Son amplitude varie entre 0 et 
100 i de la densite electronique non perturbSe, et sa phase peut varier rapidement aux alentours 
du maximum de In couche F, 
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FULL WAVE CALCULATIONS OF ELECTRON DEN5ITY PERTURBATIONS 


CAUSED BY ATMOSPHERIC GRAUITY DAVES IN THE F2-LAVER 


3 . fiLOSTERMEVER 

Max-Planck-Institut ftir Aeronomie, Institut fOr lonosphHrsnphyslk, 
3<*11 Lindau/Harz, Germany 


SUMMARY 

The coupled system of hydrodynamic equations, which describes gravity wave perturbations in 
the neutral and ion gases, is solved by a full wave method including tho effects of height de¬ 
pendent temperature and winds, Coriolis force, viscosity, thermal conduction, and Ion drag. 
Calculated results agree well with experimental data deduced from vertical incidence ionograms. 
The numerical calculations are further combined with observed gravity wave parameters to obtain 
height profiles of the anplltude and phase of the electron density perturbation as functions of 
the geomagnetic inclination and the azimuth of wave propagation. The calculated perturbation 
depends very strongly on height, inclination, end azimuth. Its amplitude varies between □ and 
TOO per cent of the undisturbed electron density, and its phase may change rapidly around the 
F-layer maximum. 


1. INTRODUCTION 

During the passage of atmospheric gravity waves through the F-region the motion of the 
neutral gas influences the motion of the Ion gas by collisions and cbusbb corresponding changes 
in the motion of the electron gas an a result of Coulomb forces. If the directions of the neu¬ 
tral gas velocity and the geomagnetic field are different, the ion gas resets upon the neutral 
gas by attenuating its motion. This interaction requires that a realistic theoretical calcula¬ 
tion of Ionization density perturbations caused by gravity waves In the F-region must be based 
on a simultaneous solution of a coupled Bystem of equations describing the perturbations of the 
neutral and ion gases. 

Theoretical descriptions of the F2-layer response to gravity waveB hBva been publiehed 
by HOOKE (1968, 1970), NELSON (1968), THOME (1968), TESTUD end FRANCOIS (1971), and CLARK, YEH 
and LIU (1971). These authors did not treat tho problem in coupled form but introduced simpli¬ 
fications In order to solve It In two successive 9teps. 

(a) They solved the equations describing the gravity wave propagation in the neutral gas 
or merely postulated a model for the neutral gas perturbations. 

(b) The neutral gas perturbations were inserted Into the continuity equation of the ion 
gas to calculate the ionization changes. 

At praBbht the work of CLARK et al. (1971) is the laot, end moat comprehensive one. It takes 
into account the sffucts of thermal conduction, ion drag, ion diffusion, and nonlinearity of thB 
ion density perturbation, but neglects all terma due to neutral winds and viscosity. In order to 
Integrate the hydrodynamic equations a IdKB method Is used whose validity, however, 1 b duubtful 
In Borne caaes under consideration. 

It la the purpose of this paper to calculate electron density perturbations uBing a 
simultaneous full wave solution of the coupled system of equations which describe the perturb¬ 
ations of the neutral and Ion gases. Lie shall also include the effects of height dependent 
winds and viscosity; mathematical difficulties, however, oo not allow ub tu cops.tuur nonlinear 
effects In the continuity equation nf the Inn gas as has been done by CLARK et al. (1971). In 
section 2 a description of the calculations will Lie given. In section 3 we shall compare cal¬ 
culated and observed results and present height profiles of the amplitude Bnd phaBe of ths 
electron density parturbBtion as functions of the geomagnetic inclination and the BZlmuth of 
wave propagation. 


2. DESCRIPTION OF THE CALCULATIONS 

The theoretical calculation of gravity wave propagation starts frDtn the Ossie hydro¬ 
dynamic situations, i.e. the equations of continuity, motion, and heat conduction: 

U - (D 


dt * <z> 

H? * ? (31 


with 


velncity; 

entropy per unit maBS; 
temperature. 


0 : density; 

f: force per unit mass; 
q: heat input pBr unit mesa; 





In orasr to eolvc these equations a perturbation method is used, i.e. we consider a state of the 
gas, in uhich P'Pg+Pv u-u n +i-n etc. The subscript "o" denotes the unperturbed stste, the sub¬ 
script “i" the perturbation quantities. 

Ue Bseume that thB unperturbed state is already known from the solutions of the hydro¬ 
dynamic equations or from experiments. Hence the modBl of the undisturbed atmosphere is taken 
from the 1966 U.S. Standard Atmosphere Supplements. ThB undisturbed ion number density is 
described by an o-Chspman layer. It has been found that observed ion density profiles at night 
are matched well by this approximation, whereas during daytime more serious discrepancies may 
occur especially In the Fl-ret|ion. The horizontal neutral wind components are calculated from 
tha results of KOHL snd KING (1967); s vortical wind cocrponent is riot considered. 

The perturbstlon quantities are assumed to be small so that it Is justified to neglect 
all terms of higher than first order. Then lu have to aolve the linesrizod farm of equations 
(1)-(3), taking Into account the effects of height dependent temperature and winds, Coriolis 
force, viscosity, thermal conduction, and ion dreg. 

Including the ion drag requires, however, that we calculate slriultaneouely the wave 
Induced lan aenelty perturbation from the continuity equation of tha Ion gas 

dn i 

dtT ■ - VHi ♦ 1 ~ L 

n^: Ion number density; 

Q : production rate; 

Ue Introduce the fallowing simplifications. 

(a) Ue linearize equation (A), because ue must treat it together with the neutral gee 
equations in coupled farm: 

6n n 

~W " " 7 (n ioHii + "niW + ^l " L i* 

CLARK et si. (1971) have found that this procedure may cbubb considerable Bfrors especially 
below the F-layer maximum where the ion density perturbation may be relatively large, Bvan if 
the neutral gas perturbations are small. 

(b) CLARK et el. (1971) have further shown that wave induced perturbations of the ion 
diffusion velocity ere in general unimportant in causing ion density perturbations. Also 
eccording to GERSHMAN snd GRIGOR'VEU (1965) the effecte of wave induced electric fieldB ere 
negligible. Therefore we can take yj^to be the projection of u-| along the geomagnetic field, 
i.e. yii - (ui • y)b, whure b is the direction of the inugnotic field. 

(c) Ue assume that the term ni-yijo can be neglected compared to niouji- Experimental 
results of TESTUD (i97i) Indicate that laiol is less then or nearly equal to I_u A ^| - Therefore 
our eeeumptlon is justified if ni; is small compered to ni 0 . Otherwise we obtain o further 
error in eddition to that mentioned under (o). 

(d) According to HOOKE (i960) wave Induced perturbations of the oroduction arid lass 
rates can be neglected lit F-region t eights above about 250 km. 

Then we obtain the linearized ion continuity equation 

-sr - -(u 1 - h> (f *Pio) - (5) 

which is eesentlally identical with equation (LB) of HOOKE (196B). The first term on the right 
hand side describee changes of the ion density resulting from the bodily movement of the layer, 
the second term describes manges of the ion density caused by conpreBsinn end dilatation. 

Since the number dene ‘l tier of lone arid electrons are equal, thB equation also yields thB elec¬ 
tron number densities shown in the next section. 

The coupled system of equations is solved numerically jy a full wbvb method, which has 
been described in detail by KLOSTERMEYER (1972). 


3. CALCULATED ELECTRON DENSITY PERTURBATIONS 

In contrast, to an analytical solution of thi linearized equations of hydrodynamics, a 
numerical solution cannot be used far a general Description of the whole grBvity wave spectrum. 
Instead we must confine ourselves to s description of single wave modes with given Derlods and 
horizontal wave Lengths. In order to get realistic electron density perturbations us shell 
start from a oerlod end a horizontal wavelength which were derived from Bn , »" 1 " " r " ln 

disturbance io the F2-laver. This procedure also allows us to compare ca 


(L) 

y^: ion velocity; 

L : loss rate. 


ilculatec 
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b spaced some 100 km apart at Lindsu (51 39'N.lO 08'E), Gedern 
(51°LB , N,O0°30‘E). From a real height analysis of the ianograma 
rlatlon at several fixBd heights can be derived. Fig. 1 shows 
t Llndau. We see the typical properties of a so-called large 
d of i.5h, a downward propagating phase, and electron density 
cent. From a cross correlation analysis of the electron density 
we obtain the additional Information that ths disturbance had 
km and travelled from north to south. 


Today it seems to bu generally accepted thoc truvelllng ionospheric disturbances ere 
caused by atmospheric gravity waves. A comparison between the observed results and numerically 
calculated electron density perturbations Is therefore a valuable tBBt whether the theoretical 
model given In the previous section represents a realistic description of gravity wave propaga¬ 
tion In the F-reglun. 

Fig. 2 showe the anpli^ude |n B i|/n B o end the pnase * of the relative electron density 
perturbation ve. height z (n B i:alectron density perturbation; n B0 : undisturbed electron density). 
5trictly speaking denotes the phase delay between the relative electron density perturbations 
at z a 250 km and at other heights. Negative values of «p thuB mean a phase advance. The conti¬ 
nuous lines and the circles indicate calculated and observed variations respectively. Both vari¬ 
ations agree well. Thlb also holds true for the amplitude at lower heights although It exceeds 
perturbation mBgnitudB. 

Fig. 2 also shows a comparison between observed and calculated hBight profiles of the 
total electron density n B an B0 +n B -). The height profiles Bre drawn for two different times which 
nave been chcaen such that the electron density et the height of the undisturbed layer maximum 
has Its greatest value (t«4.00 L.M.T.) and Its smallest value (t= , «. | *5 L.M.T.) respectively. At 
taA.QO L.M.T. the agreement betwaen observed and calculated data is good. At t»A.i*5 L.M.T., 
however, more serious discrepancies occur. The reason is thBt the observed undisturbed F-leyer 
was time dependant whereas. In the calculations, It was assumed to be constant. Nevertheless 
both observed and calculated profiles show qualitatively how the gravity wbvb Bffects the electron 
density maximum, its height, and the layer curvature during an oscillation. 

3.2. Electron density perturbations as functions of geomagnetic Inclination ar.d propagation 


Since a period of 1.5h and a horizontal wavelength of 3300 km seem to be representative 
for large scale disturbances in the F-region, these numerical values havB further bean used to 
calculate height profiles of the amplitude end phase of the electron density perturbation as 
functions of the geomagnetic Inclination and the azimuth of wsvb propagation. In order to Inves¬ 
tigate the influence of both parameters, two assumptions have been mads. 

(a) The pernmete a of the undisturbed thermospheric end ionospheric models remain the 
name as in the calculations described In section 3.1. 

(b) The amplitude and the phase of the neutral ges density perturbation at a lower bound¬ 
ary z - 150 km are assumed to have the same values as the observed wave. The choice of the neu¬ 
tral gas density perturbation Is pur rly arbitrary. UJe could have chosen the perturbation of Bny 
other neutral gas variable.like the horizontal or vertical velocity component, temperature etc. 
The lower boundary has been chosen at z = 150 km because, at such a low height, the ion drag 

is small and cannot Influence the gravity wave propagation. 

At thle point It should be mentioned that changes of the inclination Include corresponding 
changes of the geographic latitude. Coneequently the gravity wBve propagation is offBcted not 
only by changes of the Ion dreg but also by direct changes of the Coriolis force. For a wave 
period of 1.5h, however, the Influence of the Coriolis force 1 b small conpared to the Influence 
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(c) At the geomagnetic equator (1-0°) t.hB term b-Vnio is equal to zero, bo that the 
amplitude and phaae variations result only from compression and dilatation. Conaequently the ampli¬ 
tude and phase values do not change rapidly in the wholB height range. The total electron dsnalty 
profiles reveal only a temporal variation of the electron density at different heights, but 
there are no significant variations of the height of the layer maximum and of the layor curvature. 

Figs. 4n-4c present height profiles of I n Bl | /n eo ,<p, and n B ea functions of the azimuth of 
uavo propagation. The continuous and dashed lines in Fig. 4c have the SBme meaning as iri Fig. 3c. 
The geomagnetic inclination is assumed to be 67.5°. 

A gravity wave travelling eastward or ueetuard causes only unimportant, electron deneity 
perturbations in contrast to a uave travelling touierd t.hB equator or pole, because the term u-j-b^ 
in equation (5) la very small. The amplitude curves of the equatorward and poleward propagating 
waves show very similar shapes; the same la true for the corresponding phase curves. However, 
the amplitude curves differ by a factor 2, and the phasB curves are shifted against each other 
by about 90°. The total electron density profiles show no significant temporal variations except 
for Bquatoruard propagation. 


4. CONCLUDING REMARKS 

In order to give a quantitative description of gravity wove Induced electron density 
perturbations, the linearized hydrodynamic equations must, be solved numerically. Conaequently we 
cannot give a general description for the whola wave spectrum but must confine ourselves to sin¬ 
gle wove modes. Nevertheless it is possible to generalize the above mentioned results for gravity 
waves with long periods of the order of ih and more. 

At geomagnetic mid-latitudes the amplitude of tha electron density perturbation is largest 
if the waves travel in the geomagnetic north-aouth direction. The perturbations are mainly caused 
by the bodily movement of the layer; compression plays a dominant role only in a small height 
range around tha F-lsyer maximum. The perturbations are therefore largely determined by the 
undisturbed layer gradient. The typical height profile of thB relative perturbation amplitude 
ahows a minimum near the layer maximum and large values below it, which may even bB greater than 
1. The height profile of the perturbation phase is characterized by n phase reversal around the 
layer maximum. 

If the purely dynamical terms in thB ion continuity equation (5) are small or vanish, 
effects due to lan diffusion, wavs induced electric fields, production and Iobb porjlbly play a 
dominant rale in producing ionization perturbations. The results given in section 3.2 for I» i 90° 
end for east-west propagation may oe chonged by these effects. The resulting amplitudes, however, 
should remain email compered to the amplitudes obtained in ell other cbbbb. 
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Fig. 4b. Haight profilaa of tha phasa of tha ralatlva alactron danalty parturbatlon nr function 
of tha propagation azimuth. 
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Fig. 4c. Haight profilaa of tha total alactron Panelty aa functions of tha oropagatlon azimuth. 
Tha continuous and daahad llnaa hava tha same manning aa In Fig. 3c. 
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SttWAIRE 


Au coura de cette analyse, i'auteur Studie deux aspects des cnrejiatrements eff*ctu£a 
de nuit, A Brisbane, A l'aide de microbarographea de grande sensibilito, Perdant les buit annfces 
d'enregistrament, il y eut 217 nuits au coura deaquelles on observe dea nr.des de gravity bien 
difinies, present ant dea pAriodes d'environ 12 ninutea et des amplitudes de l'ordre de 10 p barn, 
Des analyses affectuAea en superposant les Apoques, au moyen des dates d'spperition de ces ondes 
conaidArAea came dates de oontrSle, en periodic de aininusa des tachea solairee, rSvSlArent une 
apparente association entre fee dat.ee et la presence de conditions i-inusphArique/i A F diffua dans 
les rAgiona sous-aurorales de V* Terre, D'autre part, lorsqu'on effectua le relevA graphiquc dee 
activitls qusmtifiAea par le noaibre dea tacbes et des activitAs gAomagnetiquer aux dates an ques¬ 
tion, on trouva, dans lea repartitions,; dea pAriodicitAs de 27 jours, E'auteur nontre que, dans 
certains cas, I'apparition d'ondes de gravity eat liee au pasrnge de fronts de perturbations *4- 
tAorologiques A Brisbane, Ce sont toutefois les autres caa qui seublenx. ?tre liSa A I'apparition 
du r diffua. L'auteur nontre Agalmaent que certaineu donnAea rAvAlent uno axscciation entre l'ap- 
parition d'ondes acouatiquea ataosphAriques et lea activitAs solai-eo quantifiAeo par le nombre 
del tache*. Ces ondes prAaentent dea pAriodes d'environ 3 minutes et dea amplitudes de l'ordre de 
10 u bars. 
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SUMMAR Y 


This analysis investigates two aspects of the nighttime recordings, at Brisbane, of microbarographs of 
high sensitivity. There were 217 nights in the 8-year recording interval when the records showed well- 
defined gravity waves with periods around 12 minutes and amplitudes of the order of 10 ubar. Superposed- 
epoch analyses using these occurrences as control dates, for a sunspot-minimum period, revealed an 
apparent association between the dates and the occurrence of ionospheric Spread-F conditions in sub-auroral 
regions of the Earth. Also, when sunspot activity and geomagnetic activity were plotted relative to these 
dates, there was evidence of 27-day periodicities in the distributions. Some gravity-wave occurrences are 
shown to be related to the passage of weather fronts at Brisbane. However, it is the remaining 
occurrences which appear to be arsociatcd with the occurrence of Spread-F. The paper also shows that 
there is some evidence for an association between the occurrence of atmospheric acoustic waves and sunspot 
activity. These waves have periods around 3 minutes and amplitudes of the order of 10 ubar. 

1. INTRODUCTION 

1.1. The Experiment 

An experiment which uses microbarographs of high sensitivity (Jones and Forbes, 1962) has been in 
operation at Brisbane almost continuously since June, 1963. Brisbane has a geomagnetic latitude of 36°S 
and is located half-way up the eastern coast of Australia. The principal reason for establishing this 
experiment was to search for a possible association between Spread-F conditions in the ionosphere over 
Brisbane and gravity waves recorded at ground level by the microbarographs. The experiment was prompted 
by the possibility that ionospheric Spread-F conditions are produced by the passage of gravity waves 
through the neutral atmosphere of the ionosphere (McNicol et., al., 1956; Bowman, 1960a; Bowman, 1968a, 
1968b). Although some associations have been found between ground-level pressure waves and some types of 
ionospheric irregularities over Brisbane (Bowman and Shrestha, 1966; Bowman and Khan, 1970; Khan, 1970; 
Shrestha, 1971a, 1971b), attempts to associate local Spread-F conditions with atmospheric gravity waves 
have not been convincing (see e.g. Figure 8 of Bowman. 1968a). In this paper atmospheric gravity waves 
will be abbreviated to AGWs. 

1.2. Details of Observations and Methods of Analysis Used. 

This paper presents evidence for an association between well-defined gravity waves at Brisbane and 
Spread-F conditions in regions of the Earth just equatorward of the southern and northern au-ural tones. 

The gravity waves have an average periodicity of 12 minutes, amplitudes around 10 microbars, and exist 
as a series of wave trains which often persist for most of the night. Associations of the occurrence of 
these wave" with sunspot activity and geomagnetic activity have also been investigated. In addition, the 
paper will discuss briefly a possible association between atmospheric acoustic waves (abbreviated here as 
AAWs) and sunspot activity. These acou«»i<- waves usually take the f nrm of an isolated hiust of on'y a few 
c>cliiS. They have amplitudes of about 10 microbars and an average periodicity of 3 minutes. 

The superposcd-epoch method of analysis (Chree and Stagg, 1928) is used extensively in this paper. 

The points in the distributions which result from this type of analysis are presented here cither as 
displacements from the average value using the standard deviation (o) of each distribution as a displace¬ 
ment of unity; or, alternatively with the average value of the displacements normalized to unity. Normal 
distributions are assumed for the points. Because daytime microbarograph conditions at Brisbane ire often 
noisy, the analysis has investigated only the nighttime records. The presence of AGWs can be identified 
on about 30 per cent of all nights. However, the control dates used here in the analyses relate only to 
those particular nights when the activity was well-defined. The selection of these dates from the nights 
when some gravity-wave activity was detectable was somewhat subjective. It has been convenient to divide 
the recording interval into two periods; firstly, a sunspet-minimum period (June, 1963 t:o .June, 1966), 
when there were 108 nights of well-defined AGWs, and secondly a sunspot-maximum period (July, 1966 to 
June, 1971) which had 109 ruch occasions. Also, in these sunspot-minimum and sunspot-maximum periods 
there were AAWs recorded on 243 and 411 occasions respectively, the second period here being extended to 
October, 1971. Usually wh n an acoustic-wave event occurred it was the only one for the night; although 
on some occasions several occurred on the one night. 

Figure i shows a microoarograph record which contains well-defined AGWs. The various levels have 
been arranged so as to illuscrate the tendency, which is seen from time to time, for the wave packets to 
occur at regular intervals. Here the interval is 84 minutes. Also, the record is presented with a 
certain overlap in time between the various levels. Figure 2 is an example of the occurrence of AAWs. 

Here the periodicity is 2.7 minutes. The analysis of Spread-F occurrence data presented difficulties. 

The marxed annual and semi-annual variations fFigure 28 of Bowman 1960b) produced unwanted long-term 
periodicities in the distributions. In addition, if the raw data were used, periods when Spread-F 
activity was high had a greater influence on the calculation of any particular value in the distribution 
than those periods when the activity was low. These problems were overcome by dividing a normal year into 






eleven 31-day periods and a 24-day period at the end. Then, before data were used in any analysis they 
were normalized by dividing the value of each day's activity within each period, by the average activity 
for that period. The Brisbane nighttime recording periods can be taken as 1800 to 0600 local time or 
0800 to 2000 Universal Time. The control dates were determined from the Universal Time of the recordings. 

2. SPREAD-F ASSOCIATION WITH ATMOSPHERIC GRAVITY WAVES 

Daily estimates of Spread-F activity, deduced from published hourly values of ionospheric parameters, 
have been made for the sunspot-minimum period, for 67 ionospheric stations located throughout the world. 
These stations are found in one of seven regions of the Earth, the boundaries of the regions being 
determined by lines of constant L-sheli values. Figure 3 indicates the locations of these regions in the 
vicinity of Australia and shows the position of Brisbane relative to them. Each L-shell region in the 
southern hemisphere (labelled a to g inclusive on Figure 3) has a complementary region in the northern 
hemisphere. 

Figure 4 shows the result of a superposed-epoch analysis of Spread-F occurrence relative to the 
control datos for AGWs at Brisbane. In this analysis the seven regions have been grouped together in such 
a way that they form 3 larger regions. For regions a and b combined (Figure 4a) the high values in the 
distribution, which occur at the centre day and a day later, suggest an association. On the latter day 
the value is slightly greater than 3.5 standard deviations (o) from the average value. Assuming a normal 
distribution, the significance of this value can be stated as follows. The probability of this value, or 
one greater than it, occurring randomly in the distribution is 1 in 4,500. In other words an association 
between the occurrence of Spread-F in these regions and AGWs at Brisbane seems quite probable. In the 
other two distributions (covering latitude regions almost up to the equator) the displacements near the 
centre day are not significant (see Figures 4b and 4c). Incidentally, a search for an association between 
AGWs and Spread-F conditions at Brisbane, by similar methods, proved negative. 

The suggested association can be further tested by subdivision of the data. Figure 5 shows another 
superposed-epoch analysis which combines the Spread-F occurrence from regions a, b and c for 2 uifferent 
time intervals (June, 1963 to December, 1964 and January, 1965 to June, 1966). It will be seen that sig¬ 
nificant peaks occur near the centre day for both distributions (namely 3.3 a and 2.4 o respectively). 
Another type of subdivision is achieved by analysing in a similar manner, each of the seven regions 
separately, for the total period (June, 1963 to June, 1966). Although these distributions are not shown 
here, the displacements for the centre day or the day after, whichever displacement is the greater, are 
shown plotted on Figure 6. The important feature on this figure is the highly significant values for 
regions a and b separately (namely 3.1 o and 2.8 a respectively). Thus the proposed association seems to 
have stood the test of these subdivisions, and so the argument for an association is further strengthened. 

Spread-F stations at latitudes higher than those used here have on occasions extensive ionospheric 
blackout periods which make it difficult to determine the real Spread-F occurrence. For this reason these 
stations have been omitted from this present analysis. However, attempts to use Spread-F information from 
these stations could be made in future analyses. 

3. ATMOSPHERIC-GRAVITY-WAVE OCCURRENCE COMPARED WITH SUNSPOT AND GEOMAGNETIC ACTIVITY 

Superposed-epoch analyses have been used to examine the variation of sunspot activity end geomagnetic 
activity, separately, relative to the AGW control dates. Also, the sunspot-minimum period (June, 1963 to 
June, 1966) and the sunspot-maximum period (July, 1966 to June, 1971) are investigated separately. 

Figure 7(a) shows the variation of sunspot numbers relative to the control dates for the sunspot-minimum 
period, while Figure 7(b) is the variation for Ap indices for the sunspot-maximum period. For the sunspot 
numbers a 27-day periodicity can be seen particularly in the distribution for the period before the centre 
day. For the A p indices a 27-day periodicity is not as obvious, although there is some evidence for it. 

Figure 8 shows, by the solid lines, the results of fourier analyses of these distributions (Figure 7) 
as well as two other distributions which have not been illustrated here. Figures 8a and 6c relate to the 
sunspot-minimum period while Figures 8b and 8d relate to the sunspot-maximum period. Three of these four 
diagrams show relatively large amplitudes for a period of 27.43 days (i.e. a value close to the average 
solar-rotation period for sunspots). The dashed lines on the diagrams show the results obtained if, instead 
of using the AGW crntrol dates, an equal number of dates chosen randomly in each period, are used. There 
seems to be no particular tendency for these distributions to peak at 27.43 days. It is perhaps signifi¬ 
cant that the phases of the two sunspot-number distributions (Figures 8a and 8b) are such that oscillations 
are a maximum 2.3 and 1.9 days respectively, before the centre day. For the Ap-indices distribution 
showing a periodicity around 27 days (Figure 8d) the oscillation has a ra.tximura 0.2 days after the centre 
day. If the gravity waves are associated with the sunspot activity by means of solar particles coming from 
sunspot regions, a rough estimate of the delay between the two phenomena would be 2 days. Whereas, 
geomagnetic activity would be expected to coincide approximately with the gravity-wave activity. 

4. THE PASSAGE OF WEATHER FRONTS THROUGH BRISBANE 
4.1. The Association of Fronts with AGWs 

If the AGWs, which occur regularly, originate in weather systems in the vicinity of Brisbane, weather 
fronts are the most likely source. The occurrence of frontal passages at Brisbane (from June, 1963 to 
November, 1965) relative to the AGW control dates, is shown in Figure 9(a). There is a peak in the 
distribution of 3.9 a which shows that there is almost certainly an association. 

4.2 Spread-F and Non-frontal AGWs 

This apparent association with fronts prompted the subdivision of the control dates into two groups. 
Figure 9(b) has used control dates which were not followed by frontal passages on either of the two days 
following each date. (There were 48 such occasions). This figure shows that when Spread-F occurrence 
from region (a) is plotted relative to these dates a peak of 2.8 o occurs one day after the centre day. 




The remaining control dutes (41 in all), which presumably are associated with fronts, were used in a 
similar analysis using t‘\e same Spread-!' data. Mere (see Figure 9c) there is no significant peak near 
the centre day. 

Thus it sueras meaningful to separate the AGWs into two groups dependent on whether or not fronts are 
associated. This ability to isolate the AGWs, which are apparently associated with Spread-F occurrence, 
should prove valuable in future analyses. The gravity-wave activity at Brisbune, shown earlier us an 
example (Figure 1), was recorded when an extensive high-pressure weather system covered the entire 
Aust'ulian continent. Fine weather prevailed. A front did not pass through Brisbane until 17 days after 
these waves were recorded. 

4.3. Spread-F and AGWs in May, 1965 

Figure 10 shows the daily Spread-F occurrence for the month of May, 1965 for the same L-shell 
regions as were used earlier in Figure 4. Although, during this month, frontal AGWs (as defined in the 
previous sub-section) occurred on the 17th, 18th and 25th of the month, non-frontal AGWs were recorded on 
only 2 dates (namely the 11th and 13th May). Around these latter dates there was, as shown by Figure 10(c), 
a significant increase in the occurrence of Spread-F for regions a and b combined, while no such increase 
is apparent in the distributions for the lower latitudes (Figures 10a and 10b). By itself this result 
would not have great significance. However, taking into account the association which was suggested in 
section 2 by statistical analyses, it seems reasonable to assume that this particular case is a specific 
example of the association between Spread-F occurrence and AGWs. Figure 11 shows some of the AGWs 
recorded at Brisbane on 11 May, 1965. 

4.4. Periodicities in AGWs 

During some of the nights in 1963, 1964 and 1965 when AGWs were recorded, periodicities have been 
determined. On any particular night a measurement was made whenever a periodicity changed, except that 
individual readings were spaced at least one hour apart. Figures 12(a) and 12(b) show the distributions 
for non-frontal and frontal AGWs respectively. The distributions are somewhat similar to each other and 
show an average value of about 12 minutes for these waves. The relative response curve for the microbaro¬ 
graph, at the times of the measurements, is also shown on Figure 12. 

5. ATMOSPHERIC ACOUSTIC WAVES AND SUNSPOT ACTIVITY 

Wher superposed-epoch analyses followed by fourier analyses were performed in the manner already 
explained, no apparent 27-day periodicity in geomagnetic activity was found, when Ap indices were plotted 
relative to AAW control dates. A similar result was found for sunspot numbers during the sunspot-minimum 
period Figure 13a). There was however some evidence of this periodicity for sunspot activity in 
suii^pov . imum years (Figure 13b). In Figure 13 the solid lines relate to the AAW control dates while 
the dashed lines relate to equivalent numbers of dates chosen randomly. This particular result is 
suv-■*).., v iiy. If the AAWs are related to sunspot numbers the association would appear to be a lot 
' i trie association suggested for the AGWs (see Figure 6). Analyses similar to those described 

- AGWs, ..ave been undertaken to look for a possible association between AAWs and Spread-F. 
for such an association has been found. 

i ON AND CONCLUSIONS 

Daily estimates of Spread-F activity have been determined in local times for each particular station. 
Consequently when the day-to-day variation for a region containing a number of stations is determined the 
distribution obtained will be slightly different from what it would be if daily Spread-F activity was 
determined for each station in Universal Time. However, as the average longitude of the 18 stations used 
in regions a and b is only 24 degrees east of the Greenwich meridian, this means that any "smoothing-out" 
of the true day-to-day variation of Sptead-F because of the use of local times is not going to result in 
any significant bias. That is, activity on a particular day (Universal Time) will be spread slightly, 

but equally, into the day before and the day after. This means that the tendency, in the results 

presented here, for Spread-F to have high yalues not only on the centre day of the distributions but on 
the day after (see e.g. Figure 4a) is in all probability, significant. 

From this analysis it seems likely that those gravity waves recorded at Brisbane, which are not 
related to frontal activity, are i,i some wa” associated with ionospheric Spread-F conditions in sub- 
auroral regions. The fact '.hat there seem" to be a link between the occurrence of these gravity waves and 

sunspot activity, and also geomagnetic activity, suggests that solar particles may be responsible for both 

the Spreed-F and the gravity-wave phenomena. If the gravity waves travel from auroral regions they are 
possibly instrumental in the production of Spread-F irregularities in these regions. At least one 
investigation of Spread-F occurrence in auroral regions (Bowman, 1968b) suggests Spread-F structures which 
are consistent with their being produced by the passage of gravity waves with periodicities similar to 
those discussed here. One has, however, to explain the fact that in some of the distributions of this 
analysis Spread-F occurrence is not only high on the centre day but also on the next day. Perhaps for any 
event the observable Spread-F activity continues for several days whereas the AGWs associated with the 
onset of the event may be the only ones with sufficiently high amplitudes to be detectable at Brisbane. 
Auroral infrasonic waves (AlWs) have been detected for sore time now (Wilson, 1971). Perhaps AGWs, and 
even AAWs, are produced in the high atmosphere of auroral regions by mechanisms similar to those 
responsible for AiWs, whatever these might be. These observations are however only speculations, it is 
obvious that the precise nature of any association between Spread-F and gravity waves will not be known 
until we have more experimental results and more analyses are performed. 

Finally, this paper presents evidence for an association between acoustic waves, recorded at 
Brisbane, and sunspot activity for the sunspot-maximum years. This result, however, may be fortuitous, 
and should be treated with caution. 
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SOKMAIRE 


Dea perturbations ionoophtriques itJinSrantes d'tcholle moyenne, prtsentant des ptriodes 
de 12 A 30 minutes sent dttecttes X'hiver, dans la journte, aux altitudes de la rfcgion F, Ces 
perturbations, dont la presence est ccnstatte dons des conditions de calme magnttique, sont attri¬ 
butes a la presence de configurations de vent "actives", lites au courant-jet a l'altltude de la 
tropopause, On reconnalt ces configurations actives sur lea cartes de vent de la tropopause. a un 
cisaillemenx horizontal du vent lorsque la direction de 1'ecoulement est paralltle aux isolignes 
de vitesse de vent constante, L'activitt diainue au fur et i mesurs que le vent acctltre ou dtct- 
lire dans la direction de I'bcoulement. On peut censidfrer que 1'activitt icnosphtrique resultant 
de ces vents de tropopause actifs est localiste, du point de vus de la circulation globale | par 
consequent, elle n'est jamais observte ni prtdite but une bass globale, ce qui est regrettable car 
leo transmissions radio i haute frequence sont sffeettes par Is presence de ces perturbations 
ionospbtriques. 
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ABSTRACT 

Medium scale traveling ionospheric disturbances with periods of 12 to 3° minutes are detected during 
daytime winter at F-region heights. These disturbances are present when it is magnetically quiet and are- 
attributed to the presence of ’active' wind patterns associated with the Jet stream at the height of the 
tropopause. The active patterns on the tropopause wind analysis maps are recognized by horizontal wind 
shear as the direction of flow lies pare 11c1 to the lsollnes of constant wind speed. The activity dimin¬ 
ishes a r the wind accelerates or decelerates in the direction of flow. The ionospheric activity resulting 
from these active tiopopaure winds may be tho.ght of as localized, in terms of global circulation and, 
hence, is neither observed nor predicted on a global scale. This is unfortunate as HF radio transmission 
is effected by the presence of such ionospheric disturbances. 

1. INTRODUCTION 

The medium scale traveling ionospheric disturbances known to be present at mid-latitude during day¬ 
time winter under magnetically quiet conditions are often thought tc originate in the lower atmosphere. 

We have previously shown disturbances of 12 to 20 minute period with horizontal phase speeds of approxi¬ 
mately 130 meters/second, for winter V)68 (sunspot maximum) at ionospheric heights near 200 km over 
Boulder (40° N, 105° W) to be generated by 'active' wind patterns associated with the jet stream at the 
height of the tropopause. In this paper we present ionospheric HF pulse data and the corresponding tropo- 
jause wind analysis maps as evidence that our criteria for the active wind patterns is equally valid for 
another mid-latitude location (39 u N, 115° W), west ard slightly south of Boulder, using a different radio 
technique item the earlier 3tudy. 

2. BACKGROUND 

The underlying theme of this paper is an investigation of medium scale traveling ionospheric distur¬ 
bances thought to be generated locally at the height of the tropopause at mid-latitude during magnetically 
quiet conditions. The specific disturbances that concern us are observed to have periods of 12 to 30 min¬ 
utes at mid-latitude ionospheric F-region heights! Since these disturbances are detected using HF radio 
techniques we have consistently restricted our observations to daytime when reflection conditions are 
optimum. Only the winter months, October through March, are considered because during those months the 
overhead tropopause wind patterns at mid-latitude are wall-formed and persistent. In addition, during the 
winter months the propagation conditions from the tropopause to the ionosphere appear to be in our favor 
(Goe, 1971). 

These medium scale mid-latitude disturbances should be contrasted with the large scale traveling 
disturbances also observed at ionospheric heights at mid-latitude. The large scale disturbances are 
thought to originate in the auroral oval during tines of increased magnetic activity. A recent review of 
this topic is available (Evans, 1972). 

Our active wind regions, as seen on the II.S. Weather Service Tropopause Wind Analysis Maps, consti¬ 
tute the micros true tore of the ridges and troughs of planetary scale waves. A planetary wave my have a 
wavelength of approximately 4,500 km which is equivalent to, say, 50° in longitude (at 40° N latitude) or 
the width of the continental United States. This means then that our activity may be confined to, say, 

20° in longitude. Because of its microscale and localized character, such "meteorological noise" is 
neither observed nor predicted on ft global scale. This Is unfortunate, in so far as HF radio propagation 
is concerned, because the unwanted effects on the signals, in particular the signal strength, may occur 
without advance warning. 

In this paper we direct our attention to the source of the medium scale traveling ionospheric dis¬ 
turbances as detected by HF sub-microsecona pulses, while Lerfald, et. al. (1972), in a companion paper to 
be presented Rt this conference, discuss the influences of the disturbances ori the pulses themselves. 

As we discuss the tropopause winds we retain our simple classification for the flow patterns: 
active, quiet, or quasi-periodic (rapidly changing), as originally introduced (Goe, 1971). The limita¬ 
tions of the 'rapidly changing' classification (Goe, 1972a) soon become evident. This limitation, combined 
with the sparsity of tropopause raps (they are issued only every 12 hours), decreases our confidence in the 
interpretation of some oi o’ir wind patterns. 

We \esiain convinced, however, that our criteria for the stability of the wind patterns and for the 
generation of the disturbances is as reliable for our new location, west of the Rocky Mountains, as it is 
for Boulder, east of the mountains. The basic difference between the two locations is that the well- 
developed troughs and ridges as they move ir; from the Pacific Northwest tend to remain north of the new 
location oast directly overhead for Boulder. 
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IONOSPHERIC 0USER'.AT 


Sutv-ailcroseccmd HE pulses, transmitted over an oblique (1500 km) path from Palo Alto, California 
to Boulder, Colorado, show ionospheric behavior appropriate for an ionospheric reflection level of approxi¬ 
mately 200 km near the mlcl-polnt of the path (39° N, 115° W). The data are daytime data collected during 
the winter months. November 1969, January 1970, and Eebruary 1970. 

Ionospheric motions are detected as fluctuations In the travel time for the pulses but are at¬ 
tributed particularly to changes in the electron density profile near the height of reflection. Such a 
detection of traveling ionospheric disturbances presupposes tha f the motions of the neutral air due to the 
passage of atmospheric waves are carried over to the ionized portion of the atmosphere without serious 
modification. That is to say, fluctuations in the electron density indicate the passage of a wavelike 
disturbance in the neutral atmosphere. We accept this interpretation; Davies and Jones (1971) discuss it 
in detail. 

3.1. ICE Pul.se Data. 

The Ionospheric pulse data are shown in Figures 1, 2 and 3. The time scale, running along the bot¬ 
tom of the records. Is marked off in half-hour intervals. These data show the periods of the rather ir¬ 
regular wavelike disturbances to be in the neighborhood of 15 to 30 minutes. An occasional longer period 
disturbance, such as the one seen on February l8, appears on the records, however. The 6-hour time inter¬ 
val, 1800 to 0000 hours UT, corresponds to local daytime, 1100 to 1700 hours 1ST. 

The tick narks on the vertical time scale are spaced at 30 microsecond intervals to indicate 
(relative) pulse delay time. The bottom edge of the signature is the beginning of the pulse, while tne 
length of the vertical line extending upward from this initial point represents the pulse length or, what 
is oft times equivalent, the pulse distortion. The transmitted signal (pulses xs 0.5 ^sec duration) had a 
frequency spectrum which peaked at 18 MHz; appreciably below the F-layer penetration frequency for this 
path during winter daytime. 

3.2. Numerical Activity Index. 

The ionospheric activity is rated on a scale from 1 to 8 according to our L/Lo numerical index 
(Goe, 1971). This index is assigned according to the ratio of line lengths L/Lo, where L is the measured 
length of the trace formed from the composite of the pulse data and Xo is the length of the base (time) 
line. These line lengths are shown schematically in Figure 1. We have in each case assignee 1 the iono¬ 
spheric index moat appropriate for each 3-hour interval, 1800 to 2100, 2100 to 2400 hours UT. These L/Lo 
indices are shown as integers in the figures. 

There is some ambiguity present in these numerical indices for the ionospheric activity. Neverthe¬ 
less, it is clear that the activity for the November data (Figure l) is moderately low (L/Lo = 3) and con¬ 
sistently present. Generally, an index of 2 or 3 provides assurance of low level ionospheric activity. 

The ambiguity becomes more apparent when L/Lo = 4 because then several small amplitude oscillations may 
contribute the same line length throughout a 3-hour interval as a few large amplitude oscillations. The 
index for the January data (Figure 2) Is most effected by the ambiguity as L/Lo = 4 is observed. 

As the activity increases to 5 or 6 relatively large amplitude fluctuations must persist throughout 
the interval and the ambiguity again tends to disappear. The data for February 18 (Figure 3) show this 
Increased level of activity. The L/Lo index has been defined to range from 1 to 8, but the 8 is reserved 
for a severe magnetic storm condition (Goe, 1972b). 

3.3. Remark. 

With this pulse data we have been forced to abandon the spirit of our graphic period-amplitude 
representation used for the CW-Dopplersonde data (Goe, 1971; 1972a; 1972b). Even though such a display of 
ionospheric data provides a means to easily intercompare the activity for consecutive days, the pulse data 
are so frequently interrupted that visual scanning for trends has little purpose. He.:ce, only L/Lo in¬ 
dices shall be used in Figure 7. We discuss the data summarized in Figure 7 after we examine the flow 
patterns on the tropopause wind maps. 

4, TROPOPAUSE WIND ANALYSIS MAPS 

Tropopause Wind Analysis Mans, issued every 12 hours, 0000 and 1200 hours UT, by the United States 
Weather Service, are used for this study. The redrawn tropopause maps are pictured in Figures 4, 5 and 6. 
The wind speeds are given in knots (K, nautical miles per hour) with 100 knots equal to approximately 50 
meters per second. The black dot on each map indicates the geographic location on the mid-point (39° N, 

115° W) of our oblique propagation path. 

4.1. Analysis of Vector Wind Field. 

The wind patterns on the maps of Figures 4, 5 and 6 are represented by streamlines (solid lines), 
indicating the direction of flow, arid lsotachs (dashed lines), the isolines of constant wind speed. We 
confine our attention to this abstract representation of the vector wind field. Such a kinematic approach 
allows us to consider the stability of the wind flow without regard for the dynamic forces producing it. 
Even thl3 has its limitations, however, as we allow ourselves to think only in terms of a static vector 
field, i.e., we assume that the streamlines represent the path of the moving air parcels. But, be that as 
it may, in so far as it Is possible, we discuss the flow in terms of wind speed with respect to direction 
of flow and its consequence, the onset or disappearance of horizontal wind shear. The question of the 
origin of the wind field we leave to the dynamic meteorologists. 

The integer index shown in the lower right hand corner of each map indicates horizontal wind shear 
in 0.01 meters per second per kilometer as appropriate for the mid-point of the propagation path. These 
numbers fail to exceed 6 (0.06 m/s/km) for the days of interest. It is common for horizontal wind shear 









In pa-sing, we take this opportunity to assure you that we have great confidence lri the Ionospheric 
absorption measurements made by Schentek at Llndau, West Germany, while the f-mln data vised by Deland 
and Friedman (1972) an an Indication of ionospheric absorption are less reliable. Schwentek (Ubitzke 
and Schwentek, 1968; Schwentek, 1969) makes It clear that ary association between Ionospheric absorption 
and stratospheric temperature is not a straightforward one. 

5.1. The problem. 

Even though we likewise concern ourselves with both the upper and lower atmosphere - our distur¬ 
bances originate In the tropopause and propagate Into the ionosphere - we do not require a direct coupling 
between the two. 

It was recognized earlier (dossard, 1962; Gosoard and Munk, 1.)'.;!») that internal gravity waves with 
periods comparable to those we observe, could be generated In the troposphere and propagate into the 
ionosphere. Gossard outlines the general problem very well: (l) the generation of the disturbance in 
the lower atmosphere, (2) the propagation characteristics along the path and (3) the means of detecting 
the disturbances at ionospheric heights. We concentrate on the first to study the source of the distur¬ 
bances; we learn nothing of the second directly but must infer everything from the characteristics of the 
reflected traces, and we tolerate the third as we observe the ionized rather than the neutral portion of 
the atmosphere. 

We note, however, that Cowling, et. al. (l97l), Yeh, et. Ml. (1972) and others contribute to (2) 
by discussing propagation characteristics appropriate for mid-latitude. They elaborate on their wind 
control theory - strong thermospheric winds acting as a directional filter for the internal gravity waves - 
and other atmospheric processes. Their tracing of rays from the ionosphere back to the troposphere in¬ 
deed lends support to our study as they find 3 to 5 hours travel time to be realistic for our near 30 
minute period waves (Yeh, 1972). 

5.2. The Wave Generating Mechanism. 

The tropopause Wind Analysis Maps are our primary source of observational data for the wind pat¬ 
terns, while Yeh (1972) and Liu and Yeh (l97l) continue to provide as much guidance as possible in an ef¬ 
fort to bring theory and practice together. At present, the best we can do is to clarify terminology in 
order to communicate the information we gain from the tropopause maps more effectively. 

We use the kinematic approach, with ttreamlines and isotachs to describe the vector (wind) field. 

The word 'maorostructure' refers to the patterns formed by the streamlines, the ridges and troughs of the 
planetary-scale waves. Such a wave is shown schematically in figure 8. A wavelength comparable to the 
width of the continental U.S. is usual at 1*0° N latitude in winter. Our stability criteria is most nearly 
applicable when this macrostructure is only slowly altered as the patterns meander or migrate from west to 
east across the United States. 

The word 'microstructure' refers to the patterns formed by the Isotachs about the streamlines. 

This microstructure is always changing with respect to the macrostructure, but the rate at which it 
changes is the primary interest of the wave generating mechanism. We use the term, 'quasi-periodic' to 
mean short term (3 to 6 hour) changes in the microstructure. 

The criterium for quiet patterns is definite, the isotachs are perpendicular to the streamlines. 

The air parcels accelerate or decelerate in the direction of flow and there is no wind shear. The general 
category of an active pattern requires the presence of wind shear, the isotachs parallel to the stream 
lines. 


As the atmosphere makes a rapid adjustment the macrostructure may change severely within 12 hours. 
During such times we have little confidence that the trajectory of an air parcel is represented by the 
streamline. Our assumption of a static vector field breaks down; we can no longer think the wind shear 
mechanism to have meaning. 

5.3. Summary of data. 

The results of the ionospheric and tropopause data are summarized in Figure 7. The days are plot¬ 
ted on a 24-hour time scale, with local daytime (09 - 17 hours I£T) coinciding with the breaks in the 
heavy black lines at 16 - 24 hours UT. The ionospheric data are daytime data, while the wind data are 
shown on a 24-hour basis. 

The magnetic Kp index is shown in the first line. As was mentioned earlier, the November days 
follow a time of slight activity (Kp =6"). Other than that, the days are magnetically quiet as would 
be expected since we are near winter solstice rather than equinox. 

The purpose in the study was to test the validity of our criteria for the stability of the tropo¬ 
pause winds. We find no violation and, even though the data are meager, we feel that we have learned 

more about the changing (quasi-periodic) patterns. The more nearly sinusoidal wavelike disturbances ap¬ 
pear to be associated with tnese changing patterns. 

5.4. Overhead Winds at Mid-point. 

Our last result is easily visualized by referring again to Figure 8. We note the position of the 

trough over the western United States. The solid line represents a deep trough, while the dashed line 

indicates a more usual depth. Hence, the dashed line is the usual path of the well-formed wind patterns. 

By using the dashed line as the outside boundary for the wind pattern, you can see that it passes 
near Boulder (40° N, 109° W) but goes slightly north and east of the mid-point of the oblique path (39° 

N, 115° W). 









conclusion 


We detect medium scale ionospheric disturbances, periods of 15 to 30 minutes. As we observe this 
ionospheric activity from a mid-latitude ground station located 40° N, 105° W, we see the activity come 
and go as the overhead tropopause wind patterns pass by. The trends in the Ionospheric activity for this 
location are already knewn to be something like 3 to 5 days in duration. 

When we observe the ionosphere from our new location 39° N, 115 u W, the activity trends are quite 
different. We find, however, that the criteria of isotachs parallel to streamlines, combined with the 
quasl-periodic behavior, describes the active tropopause wind patterns for both mid-latitude locations. 

Therefore, v.-e conclude that the ionospheric activity Is localized, in terms of global circulation, 
and that the observed activity depends on the characteristics of the overhead tropopause winds. Stated 
differently, this type of ionospheric activity is a strong function of the geographic location. 
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Figure 1. Ionospheric HF sub-microsecond pulse data recorded over an oblique 1500 km path from Palo Alto 
to Boulder. Local time is 1100 to 1700 hours (l800 to 2400 hours UT). Two integers indicate 
the ionospheric activity L/Lo index for each 3-hour interval, 1800 to 2100, 2100 to 2400 hours 
UT, for each da/. Although these November data display a moderately low level (L/Lo - 3) of 
ionospheric act! city, it is consistently present. 
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Figure 2. Ionospheric HF sub-microsecond pulse data similar to that shown in Figure 1. These January 
data are, unfortunately, often interrupted but show tht ionospheric activity to be irregular 
ranging from low (l/Lo *= 2) to moderately active (L/Lo = 4). 
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Figure 7. Conparlaon of magnetic, ionospheric end tropospheric data for days of interest November 1969, 
January 1970, end February 1970. Magnetic (Kp) indices ere recorded for days of interest. 

The 3-hour L/Lo ionospheric activity, as deduced from the HF pulse data, is shown, as appro¬ 
priate, for daytime hours. The tropopeuse wind patterns are classified as quiet, active or 
quaal-perlodic (ftP), changing back and forth from active and quiet. 
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Figure 8. Planetary Wave lri Lower Atmosphere, at Mid-latitude. Wavelength extends across most of cant 
nental United States (50° in longitude) at U0° N latitude. An active wind region, the micrc 
structure of a ridge or trough of a planetary wave, is confined to, say, 20° in longitude at 
h0° N latitude. The vectors Indicate a transfer of momentum causing the trough to steepen. 
Compare the dashed line with the solid line. 
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PRODUCTION D'OSCIUATIONS IONOSPHEWQUHS ANOWViLhS PAR LES ORAGI35 


C.A. Moo et A.D, Pierca 


SOWAIRI: 


De rtcents sondege* Doppler rt'ondc* radio haute frtquenee, effectuta dans l'ionoaphire, 
out rtvtit. dans lea couches ataoephtriques suptrieures, la prtsence d'osciUations pendant las 
pViriodes d'actiritfi arageuse, Cea oacIllations t qui prtoei'tent dee ptriodee variant de 2 A 5 »i- 
nutce, as prolongent frtquement durant pluaieura feaures« la coherence de cea vacillations corro- 
bore 1* inter prttatior gtnfcralo aelon laquelle ellea sent cauetan par le passage d’ondes infra- 
soniquea de grande longueur, II ne ee prod nit epparamaent pas d'osciUations dietinctes sembla- 
bles, avec la mSae gaume de ptriode lcrsqu’on observe dee nouveaentu d'air dans la troposphere 
par aauvais taupe. On eait toutefoie que lea activitts de convection font naltre deo fluctuations 
art des ondes internes dont lee ptriodee avoisinent art dtps* sent les ptriodes de Hrunt-vKis&lg, Lee 
autettrs du prfsant expoet proposent, pour expliquer la production de ces ondes ionospktriquee A 
ptriodea as 2 A 5 ninutes, une thtarie baste sur dss principee se&blables A ceux qu'utilise 
Light hi 11 pennr sa thtorie dee eons afrodynamiques, La fait que les ptriodee des oscillations iono- 
sphtrique* uont conxidtrableaent inftrieures aux pSriodes troposphtriques de Barunt-vAiafiUi est 
expliqut de la faqon suivante : les frtquences prtiloainantea tnises sont la soene, obtenue par des 
procetsus non lintaire*, des frtquences dee champs de sitesso en interaction rtciproque engendrts 
par lee conditions mtttoro.logiques, Ces frtquences tnises ne sont pas ntcensairement observtes dans 
le cheap proche. 
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SUMMARY 

Recent experimental evidence, baead on radio HF Doppler sounding of the ionosphere, shuws oec.llluti.ona 
of the upper atmosphere during periods of thunderstorm activity. These oscillations have periods in the 
range of 2 min to 5 min, frequently for many hour# duration. The coherence of th* one Illations la conai.e- 
tant with the interpretation generally given that they aro caused by the passage of long viave,length infra- 
sonic waves. There ere apparently no similar distinct oacillations with the same period range associated 
with air motion in tha troposphere during severe weather. However, convective activity is known to generate 
fluctuations and internal wavas with periods neer and eh vt Brunc-Vd!sHlH periods. Tns present pepor 
proposes a theory for tha generation of theae ionospheric :-5 min period wives, based on concepts similar to 
those used by Llghchill in the theory of aerodynamic sound. That the periods of the ionospheric oscillations 
are substantially lower than tropoapharlc Brunt-VIlsHlR periods _s explained as being due to the f*ct that 
the predominant radiated frequencies are obtained as a autaaation, via non-linear processes, of the fre¬ 
quencies of the interacting velocity fields generated by the weather system. These radiated frequencies 
era not necessarily observed in the near field. 

INTRODUCTION 

In recent years, experimental evidence, baaed on HF radio Doppler Bounding of the upper atmosphere, 
shows ionospheric disturbances associated with thunderstorm activity (Georges, 1968; Baker and Davies, 1963; 
Datert, 1969; Davies end Jones, 1971). These ntudles reveal that sometimes quasl-alnusoldal oscillations, 
with periods in the range 2-5 min, occur when thunderstorms are within a radius of 250 km of the ionospheric 
ret lection point. Tha simultaneous uee of multiple HF radio frequencies and of several spaced stations 
In s Doppler sounding system at netr-vertical incidence, shows that these oscillations an coherent in the 
ionosphere over lateral ranges of *t least the spacing of the radio reflection points and are coherent over 
the range of lower ionospheric HF reflection heighte (Detert, 1969). This coherence ie consistent with 
the interpretation fraquuntly given that, the observed oscillations are caused by the passage of long wave¬ 
length acoustic waves through the atmosphere. Since the principal periods (2-5 min) are somewhat smaller 
than the typical Brunt-vaiaUlM periods in the atmosphere, such wives would correspond to the acoustic 
branch of the acoustic-gravity vave spectrum. 

A very striking feature of the HF Doppler data is the relatively narrow bandwidth of the ionospheric 
oscillations, sometimes with Q greater than 10 for an epoch of several hours. This is suggestive of some 
kind of reeoiwnr. phenomenon, although there are apparently no distinct oscillations in the 2-5 min period 
range associated with air motion in the troposphere. Howaver, it is well known that high convective 
activity generates turbulent fluctuations end generates Internal gravity waves outside of the convection 
zones. Fig. 1 reproduces the power spectrum of atmospheric pressure given over twelve yoars ago in a 
classic paper by E. Gossard (1960). The longest solid line illustrates average conditions, but the dashed 
spectrum and the short solid line near U represent conditions of great excitation. Each of the latter 
two curvet, Gossard identified as the spectrum of Internal waves generated by convective activity with 
wave frequencies near the local Brunt-VttisXlH frequency computed from radiosonde data. Brunt's period 
varies typically between A and 10 minutes in tha troposphere, depending on the temperature stratification, 
and is the natural period of buoyancy oscillations in a stable atmosphere. 

In this paper we propose t theory for the generation of the anomolous ionospheric oscillations by 
thunderstorms, based on the concepts successfully employed by Llghthill(1952, 1962) to explain the generation 
of aerodynamic sound by turbulence. In this model the ionospheric oscillations are J manifestation of 
acoustic waves radiated from tropospheric regions of interacting velocity fields whose frequencies ere at 
or below the lower atmosphere Brunt-VRisHlV frequencies. By mesne of non-linear fluctuating Reynolds' 
stresses, a transfer of energy is effected from the Internal gravity wave regime to the acoustic wave 
regime of the acoustic-gravity wave spectrum. This transfer takes place with concomitant change of 
frequency. 

Recently, Jones (1970) Introduced a model to explain the Ionospheric oeci Hat lone under discussion 
in this paper. His explanation i* based on the mode theory of lower atmosphere guided acoustic-gravity 
wave propagation. In a typicul set of multi-mode dispersion curvas, there ere regions where modal curves 
uearly 'kiss' each other, and Jones explains the phenomenon «a being due to the coupling of energy between 
the fundamental and first gravity modes. A mior objection to this explanation is that. It cannot explain 
the Ionospheric oscillations directly above the thunderstorm regions as are observed. The existence of 
the normal modes are really established by the extended stratification of a given atmosphere and the 
coupling of modes, at 'kissing', can only be achieved at horizontal ranges greater then r/Ak where Ak is 
the wave number gap et the 'kissing' region. To explain a 280 period from Jones’ curve this distance 
should be taken to be about 2000 km. 

HAVE EQUATION AND SOURCE 

The basic approach of Lighthill (1952, 1962) in the aerodynamical generation of sound is to 
separate the linear and non-linear terms In t:ha equations of motion and then form an lnhonogensous wave 
equation for one of the variables. The linear terms are the wave propagation operator, and tha non-linear 
terms arc considered as a source function. If the wave motions are week compared to the primary motions in 
the flow field, and there la negligible back reaction on the primary flow, then the inhomogeneous wave 







aquation cun b* solved (or tha radiation emitted In tha far (laid. Tha aourca (unction la determined by 
the primary (.low (laid and la Unit ad In axtant. Tha nathod la thua raatrlctad to waak wava anlaalon. 
Llghthlll's procedure liaa baan extended to wava notion In a atratldad atnoaphara by Hoora and Spiegel 
(1964), Xato (1966), and Stain (1967). 

For simplicity, wa consldar an unboundad lantharnal atnoaphara with unillaturbad praaaura p and 
donalty p Q , atratldad with halght aa axp(-Z/H) with ncala halght 

H " P 0 /p o* “ c ! /y * (1) 

whara c Q la tha spaad o( sound, and y la tha ratio of apacldc heata. If Pj^r.t), p^(r,t) and v(r,t) ara 
deviation* of »tir density, praaaura and valocity fron thalr aqulllbrlum values, the govarnlng equations ara 
then (with linear tarns separated on tha left-hand side and tha non-linaar tense on tha right-hand side): 


► 9 Pl - Pjg - f 


( 2 ) 




3p l 

+ V*(p o v) - q , (3) 


where 


P 0 S 


P 0 c o V ' Y “ h 


(4) 


9 (pw,) 9(p.v) 
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q - -V(pjV) 


( 6 ) 


h “ -YPj9*v ” V’Vp x 


(7) 


Here g » (0,0,-g). Equations (2), (3) and (4) ara tha aquations of monentum, mass conservation and 
adiabatic notion, respectively. 

Eliminating p^ and v fron tha linear tarns In aquations (2), (3) and (4), and Introducing the 

variable 


P - p x Vv7 (8) 

In order to remove the height dependence of tha perturbation amplitudes, we obtain the following inhomo¬ 
geneous wava aquation (Kato, 1966; Stein, 1967) 


where the source function S is given by 
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with 


Here 
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Is the acoustic cut-off frequency, while 

« B - (/Ta/y) c e /H 

is the Brunt-Vdlattlk frequency of ti«<» atnoaphara. 
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( 12 ) 


In Eq. C9) tha expression In hraclat* la the acoustlc-gravitv wave operator which separates into 
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approximation (Tolatoy, 1963) i 


We next simplify the aource function by Llghthlll's procedure of treating the terme In Eq. (10) as truly 
known sources. This means that prlmnry flow Is only weakly coupled to the acoustic field. This Is 
generally considered to be possible for low Mach number flow, which la tantamount to considering the 
primary fluid motion as almost incompressible. Although Llghthlll's (1952, 1956, 1962) treatment le 
widely accepted, the theoretical Justification for this procedure la still evolving (Crow, 1970; Lauvstad, 
1968). Following in the earns spirit, only terms Involving 7 In Eq. (10) are considered Important. This 
follows since 


The terms in ? become 


( '’oh ( ^7r.l» /p o) ' M * * 


* • * “ * TT <« , 0 v iVii ) 


rhe source term (3/3t)(c£q-h) represents the non-adlabatlc nature of the flow field and of the stratlfl- 
:ation, and is generally negligible for low Mach numbers (Stein, 1967). 


With Eqs. (16) and (17), 


r expand the source function In multipoles (Unno, 1966; SteJ 


a* vs; x ^ 3(yg; v^) 


7^2 tly/p V 2 ) 


where v - (v^ v 2 , w), H is the scale height, and where 


«-!-«* (!-*■ («.. + a.JHfr)*' 


The three terms in F.q. (18) differ from each other : 
respectively, quadrupole, dipole and monopole sourci 
medium, but arise because the stratification acts ai 


n the degree of space differentiation and represent, 
i. The dipole and monopole are absent in a uniform 
a boundary surface (Curie, 1955; Unno, 1966). 


Equations (9) and (18) are the Inhomogeneous wave equation and source function, respectively. We 
Indicated that, because of our Interest in the generation of acoustic waves of the acoustic-gravity wave 
spectrum, we shall use the approximation of Eq. (13) as our acoustic wave operator. We also now make 
simplifications on the source function Eq. (18). First, we consider that the scales of motion are small 
compared to the scale height H; so that from the form of Eq. (18), only the first term, the quadrupole 
source term, remains. Second, with the thought in mind that the fluid motions contributing to the 
fluctuating Reynold's stress are near the Brunt-VAloRlk frequency o_, and thus primarily In the vertical 


sction (Mldgley and Llemohn, 1966), 


5), than the coefficients Eq. (19) I 
Heated above our Inhomogeneous wav< 
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17-4 


This equation will ha tha basis for Boot of cha ranalning discussion, It differs froa Llghthlll's aquation 
by tha dispersive tern w 2 and tha modified independent variable p^/rp^ • bc,,:h produced by stratification. 

Wa near introduce a tine-harmonic analysis, in which 


—■ P(x,t) “ f *(x,w)e du 

S?~ J — 


Thus Eq. (20) becomes 


(ul 2 


c 2 P 2 ) 4(x,u) 


=1 
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c u 2 ? 2 r 

c 3 J_, 


where ( is the phase velocity at frequency u, end where 


( 21 ) 


(22) 


Equation (22) esn now be solved by standard techniques (see, e.g., Stratton, 1941). We solve for 
4 outside the source region which is in a finite volume near the ground. If y is a point within the source 
region, r the vector fron this point to the observer at x, then outside the source region we have. 


where we only consider the propagating frequencies, u > also 

U^G.m) - | v 1 v^e“ lwt dt 

Away from the source region we can use the divergence theorem twice, so 


In the far field this becomes 

*(x,u) 
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Now if 

\ m v t (y) cos ^t + 4 t (y)] 

v j ■ v*> co> [v + v ?) ] 

then, from Eq. (25), 

°ij “ V i V J W [ 6<u, -<“l + w 2 ))« M 1 +4 2 ) + «(w-(u 1 -oi 2 ))e 1( *r*2 ) J 

If v^ and Vj are oscillations in the Internal gravity wave spectrum then 


(24) 
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(29) 


(30) 


and since > u B we require for radiation (Wj + u>^) > u^, and Eq. (27) becomes 

♦(£,«)-— — —f ft — W fT V V «( u -( u +u ))d 3 y (31) 

8*c 3 c 2 x Jv r ° 1 J 12 

It is evident from this that a frequency u - Wj + is radiated, idtars and are frequencies of 









Internal 


If w. ,u. are near the Brunt-VRiattlll frequency u. then the acouatic frequency radiated would be 

1 J o 

w « 2 u b . In the troposphere. Brunt's period varies from about 4 to 10 min, so that Che period of acouatic 
waves radiated would be from 2 to 5 min, which Is the period range of Ionospheric oscillation associated 
with thunderstorms. 

Near w^, the fluid particles move primarily in the vortical direction so that x^ - x^ and In Eq. (31) 
the geometrical factor is 



where 6 Is measured from the vertical. We have a vertical linear qucdrupole radiation pattern, with a null 
to the aide, This null may help explain the appare it absence of the acoustic oscillations on microbarograph 
records during thunderstorm activity (K. Davies, private communication), because outside a cone of semiangle 
of about 30* the acoustic prenoure would be small. 

Actually, at least one of the wavee v , v must have a vertical wave number component In order for 
the acoustic oscillation to be observed lti the ionosphere above the source. This Is seen if we use the 
representation 

v t a. J J e.tpdCt^ - M t t + 8 1 )dud 3 k (33) 


v 1 v j -V || exp (1(V 1 + k^x - (Uj + Uj )t + (9 i + e^dwd^ (34) 


Here iij ^ " ^' t x ,k y , ' t t^ 1 j * and + ^j) 18 ***• Acoustic wave number so that for vertical propagation 

<k *,i + k *.j ) > °- 

CONCLUSIONS 

In this paper we have developed a theory to explain the generation of 2-3 min period acoustic 
oscillations In the ionosphere by thunderstorms in the troposphere. Using the. approach of Llghthill to 
explain the generation of aerodynamic sound, an inhomogeneous acoustic wave equation was developed with 
nultlpole sources, of which the qundrupole is the most important. 

Thunderstorm and other convective activity are known to generate oscillations and waves in the 
Internal gravity wave spectrum. Through the nonlinear quadratic Interaction of these Internal waves the 
multipole sources are excited, generating acoustic waves whose frequency Is the sum of the frequencies of 
the primary Internal waves. For Internal wave periods near Brunt’s period, chls process would generate 
acousclc periods near one-helf Brunt's period in the troposphere, l.e., periods 2-5 min for typical 
Brunt's periods 4-10 inln 

Near Brunt's period t_ particle motions are primarily vertical, sc that for Interacting internal 
waves with periods near T fi , tho quaorupole (and dipole) radiation pattern In the far field for acoustic 
waves Is in the vertical direction, with a null to the side. 
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ETUDE PHENCMENOLOCIQUE DPS AWUTUUES fcT DES SPECTRES D'ONDES DE GRAVITK 


pat 


J.P, o .icUel 


SOMA I RE 


Lea observations du contenu en Electrons ds 1'ionosphere *u moyen de satellites bail¬ 
ees gfoetationnairea r£v8lent tris frSquejnaent la presence d'oscillations de forme sinusoldale, 

Lee enregistrements de rotation de Faraday represented, pour ces oscillations, un bon systftne 
de contrSle, Pour itudier ces oscillations, on a filtri nuuiriquement les enregistronents dn 
contenu d'electrons. Le filtre nuairique est briiveaent dlcrit, Les anplitudesdes effete cr££f< 
par les ondes de graviti peuver.t ftre facilement montr£es apris filtrage. La partie filtrie des 
donnies, reprisentant les fluctuations provoquies par les ondes, peut ftre utilises pour calculer 
le* spectres d'inergie, Le calcul de ces spectres d'inergie eat dicrit pour clarifier les risul- 
tats. A portir des spectres, on peut diduire les faits suivants : 1°) l'amplitude de l’onde d£- 
croft rapidement en m?me temps que diminue la longueur de la piriode, 2°) toutea lea p£riode- peu- 
vent ftre observies, 3°) les frequences barmoniques ne sont pas habituellement obsertries, Une etu¬ 
de statistique portant sur un grand noobre de jours r£v4le en noyenne que toutes les frequences 
ont la m&ae probabiliti, bien que des piriodes de 35 minutes puissent apparaftre de preference. 

Des jours particuliers sont £tudi£s. 
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b« vtrlfitd since 


data for 


S. 


UiKCUJSIOk 


Continuous observations of the electron content of the ionosphere exhibit oscillation) 
<hich can be explslnud as atnoapheric gravity waves, Gravity waves are a regular occurrence, 

least in .he F-region of the ionosphere. The Method given encoapasscs the oscillation peric-d . 

lerval I roe fire Minutes to several hours. Since the oscillations are presented in analog fi>~. 

it is very easy to carry out a spectral analysia. A chain of observing stations will in the .. 

tore obtain information on the horisontel wave vector, which will sake a quantitative analysii 
possible, that is the next goal of this work. 
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COMP ARM SON DES CALCULS ET DLS OBSERVATIONS PORTANT SUR LE CCMPORJBtENT 
DE L'OMJE DE CHOC ENGENDREE PAR EES EXPLOSIONS NUCLEAIRES DE L'ORDRE l)E 
PLUSIEUPS KILOTONNES, PRQUUITES AU VOiSINACE DU SOL. 


par 

D.P. Kanellakos et R.A. Nelson 


SOMAIRE 


On fait dee comparaisone entre les rSsultats de calculs tydrodynamiques numeriques de 
la propagation, a travera 1'ionosphere, de fronta de choc produits par des explosions nucleaires 
au voisinage du sol, et lea donneea fournies par l'ohservation des perturbations ionosnheriques 
lilea d ces fronts de choc, Le but de ces ccoparaisona est de prouver la validity des calculs 
hydrodynamiques numSriques aux altitudes ionosphgriques. 

On a pi situer l'onde de choc dans l'intervalle d'altitude conpris entre 100 et 225 tan 
grSce a une reduction » 1'altitude rSelle des hauteurs d'ionogrammes obtenus en incidence verti¬ 
cals d l'aide d'ionosondes situ6.s d 10 tan environ du lieu des explosions. Pour effectuer les cal¬ 
culs numeriques de la propagation ascend&nte de l'onde de choc, on a utilise le code hydi'odynami- 
que SHELL originellement mis au point a la "General Atomic", 

Les valeura expSrimentales ont ete obtenues d partir des ionogrammes correspondant aux 
experiences D et E de la aerie de tests nucleaires BUSTFR-JAHGLE effectuee en lp51, Les points 
experimentaux et les courbes thecriquer montrent clairement toua deux une acceleration du front, 
d'onde de choc au-dessuB de 100 km d'altitude, Les valeura obtenues d’une part expgrimentalement, 
d'autre part grSce aux calculs, concordent a quelques kilometres prSs pour le front d'onde de choc 
primaire, bien quo l'on ne connaisse pas les parametres atmospheriques exacts au moment des essais, 

L'expose sera suivi d'un petit film de 16 mn montrant leB perturbations ionospheriques ob- 
servees d Kusaie (sur l'equateur magnetique) d la suite d'une forte explosion nucieaire de faible 
altitude ayant eu lieu d T**0 km au nord de ce point. 






CO MPARISON OF COMPUTED AND OBSERVED SHOCK BEHAVIOR 
FROM MULT IK ILOTON, NEAR-SURFACE NUCLEAR EXPLOSIONS* 


L P. Kaneilakos and Raymond A. Nelson 
Radio Phy9ics Laboratory 
Stanford Research Institute 
Menlo Park, California 94025 


Comparisons are made between numerical hydrodynamic calculations of the propagation through the 
Ionosphere of shock fronts arising from near-surface nuclear explosions and experimental observations 
of the Ionospheric disturbances associated with these shock fronts. The purpose of these comparisons 
Is to provide a test of the validity of numerical hydrodynamic calculations at ionospheric heights. 



t ionospheric heights. The progress of this shock » 


! through the Ionosphere c 


Late-time effects for a number of yields and altitudes (below 30 km; 
SHELL code. As an example of the calculations that have been made, two | 
4-MT sea-level burst are reproduced in Figure 1 (GREENE, J. S., Jr., and 
Figure 1(a) shows that the primary shock front has reached about 133 km 1 
plosion point 300 sec after the burst time. By 400 sec [Figure 1(b)] th< 
about 245 km, and a secondary disturbance is clearly evident between 100 
primary shock front has become bell-shaped. 


i) have been studied, using the 
plots of relative pressure for a 
I WHITAKER, w. A., 1968). 
height directly above the ex- 
ie primary Bhock has moved to 
i and 120 km. In addition, the 


As a check on the validity of making such hydrodynamic calculations at Ionospheric hel 
are made with experimental data obtained from the BUSTER-JANGLE nucloar test series, which 
Nevada during 1951 (DANIELS, F. B., and HARRIS, A. K., 1951).+ Daniels and Harris have mad 
of this type on a number of nuclear tests (DANIELS, F. B., and HARRIS, A. K., 1958; DANIELS 


Ionospheric heights, comparisons 
series, which was conducted In 
Harris have made observations 


lie work reported In this paper was supported by the Advanced Research Projec ts Agency c 
f Defense under Air Force Contracts F33657-68-C-1147 and F33657-70-C-0090. 
e wish to thank these authors for lending us their original records. 
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Discussions on the papers presented in Session II 

(Coupling between the ionized atmosphere and tne neutral atmosphere disturbed by acoustic gravity waves) 


n paper 13 i "Justifies* 
oew* Ty T.J.F, CHANG. 


a of Hinee Asymptotic relatioi 


Dr. C.H. LIU i Could you consent on the filtering effects of the loaey mechanise T 

Dr. N. CHANO i The technique deecribed in my paper neglect* loeeea of any iind, ao X *••* **“* ? 

can cceeent on the filtering effect* of loeeee at thi* tine. However the predominance of internal gravi¬ 
ty waves with 20 minute periods in agreement with that predicted by my simple analysi. would lead me to 
believe that the neglect of loose* in the current analysis i* justified. 

Dr. J, KLQ6TERHEYER : The observational reeulta given by Klostermeyer (1969) for 12/13 February 1961 *e«n 
to be doubtful. At has been shewn by Kleatermeyer (numerical calculation of gravity wave propagation in a 
realirt?ethwmospher*. JAXP. 1972, in press). no could be found with full wav. eolutxon. of 

the hydrodynamic equation*. 

Dr. N. CHANO i X agree with Dr. Klostermeyer's comment, on the 12/13 February event. I can only add that, 
had thi* event been excluded, the lent colvaan in table 1 would indicate that every event considered had 
a propagation angle near the maximum permitted. 

Dr. K. DAVIES , The effect* of neutral wind* are crucial to the propagation of gravity wave* became the 
horiaontal trace apeed of the wave, is comparable with the wind speed. While a uniform horiaontal wind 
Lee not affect ^direction of propagation, it affects the frequency.** seen by an observer moving with 
the medium. Thi. has the affect of altering the effective Brunt-VRi.il* frequency as observed on the ground. 
For example, there ia abundant evidence in the literature that the lowest cut-off period t for gravity 

i _ * 5 „ in jpqj* otationary atmosphere this cut-off would be the Brunt-Vaisala period t wich is 
^t 15 in the £ region! S the horizontal .pel V fa a. 150 »/.ec we find that the maxi&s wind 

speed U ia > T 

V - V (1 - —) » 100 m/sec, 

“ t B 

Dr. CHAHO ; There is no question that winds can have a major effect on the propagation or internal «ravi- 
ty vaves and indeed if F-region wind profile, were available, wi«is can easily be ^luded m my e^yaia. 
However, provided that the horiaontal wind, do not axcood the horisontaLtrace .peed iiW'S- wnll"^ 
o uenc ies always nem-iero end positive), my conclusion regarding the asymptotic behavior of internal »•. 
vity wave, will remain unchanged even If winds are included. This follows since under the above condition 
vinda and temperature have a similar effect on the propagation of the gravity waves. Hence, the effects of 
a horiiontalwind field can be included in a modified temperature profile. The new temperature profile will 
alter the curves shown in figure 2, but the proximity of ♦ to in the thermosphere will remain. 


Discussion on paper It : "Full wave calculations of electron density perturbations caused by atmospheric 
gravity waves in the layer" by J, KUJSTEFMEYER, 

J TESTUD s Le progrRs qu'spporte ie calcul de Kloetemeyer (sur 1* interaction onde de gravitS-ionisation 
dans la region F)!*Lnsiete an ce qua 1*auteur tient compte de 1'influence en retour 

l*ionisation eur ia propagation de I'onde de gravitS qui loe a provoqu«ea. Cet effet avait 6tS trfglig* par 
lea prtetdents auteurs. Cependant, dans sa communication Klostermeyer n a p*s T 

tre dee resultats de calcul oil cet effet e»t pris en compte, et dee resultats oil cet effet “*|£*®* * 
de sorte qua l*on a du aal 4 appr«cier 1'importance reelle de cet effet. Nous lui suggirons d effectuer une 
telle ccaperaison. 

Dr. KLOOTEHMEm : The coupling of gravity wave induced ion, density .variations to the wave ;j* 
determined by the wave induced perturbation of the neutral-ion collision frequency, ^ .which is roughly 
proporti onal to ni, . The effect of this coupling can be estimated by cosiparing the ion drag term 
w (u_ — u* ) being nnr^aiiy included into the equation of neutral gas motion with the term (u - u. ) 
wflic^musSHe «dd*d in thepresence of neutral background winds. The oecond tern has the same oi3tr magBi- 
the firrtln.^mS even be larger. Therefore it cannot be neglected if the effect of icudrag 
- ■ — —--especially for waves with periods of about 1 hour and 


shall be properly taken into account 


ion drag is the most effective dissipative process. 


Discussion on paper 15 i "Atmospheric pressure wave, at Brisbane and their association with certain ionc 
spheric solar events", by 0.0. BOWMAN, 

Dr. 0. S1ILKE : The example (Fig. 1) of the record, of AW. in Brisbane ie much like what we get in 
SLbLg with an array ofmicrobarographs. Especially the "night time - fine weather" case. «t 
ducted AGWs in tropospheric low-level or ground baeed duct, (temperature ;inversions), that wnd« such c 
ditiona nearly always^re formed. I think that the AOW effect (origin and propagation) then might be coi 
fined only to the lowest atmospheric layers. 



Dr, P.L. (Mottos m >ehalf of 0, BONHAM i I would i|th that the locall/ observed AOW ef facta a a/ be evi¬ 
dent large!/ in tba lower atmospheric layers, 1 would auggeat that Dr. Bowman baa presented conaidarable 
evidence for tba aaaociation of local AOWa not associated with frontal activities with ionospheric affect■ 
at react a location* in tba sub-auroral regions. 

Dr. C. HI 1801 s Vaa an array of aicrophones used ao that you could be aura the pressure fluctuations ware 
due to propagating wares T 

Dr. P.L, OEOJtGE t I think only single aicrophones ware used at various latitudes. 

Dr. K, DAVIES : The obaerrationa of Dr, Bowaan suggest that tba correlation between gravity waves and 

spread F way ba the result of ionospheric heating. Observations at Boulder show that spread F is nearly 
alvaye produced by beating of the F region with a powerful transmitter ($0 megawatts) on a frequency near 

the FS* ordinary wave critical frequency (Utlaut W.F, 1970, J.O.R, Hov.), 


Discussion on paper 16 : "Medina scale travelling ionospheric disturbances attributed to unstable tropo- 
pause winds at aid latitude", by G.B. 00E, 

Prof. R.K. COOK i When the jet stream blows over the eastern seaboard of the U.S.A, it appears to oscillate 
(vertically) and generate acoustic gravity waves having oscillation periods 300-600 sec. These waves are 
observable at an infrasonic station having its microphones at ground level f and have a very substantial 
pressure amplitude of about 10 K/m2. May I suggest that the jet stream oscillation* might radiate acoustic 
gravity waves propagating upwards toward the ionosphere, and that it would be worthwhile to look for io¬ 
nospheric motions particularly when the jet stream blows in the neighborhood of the reflection area for 
the electromagnetic probing vavea, 

ft-. 0. LERFALD on behalf of G, 30E : I agree wholeheartedly with your suggestion that it would be worth¬ 
while to investigate the relationship between jet stream activity and ionospheric motions, A systematic 
study involving infrasonic sensors and ionospheric HF Doppler sounders is being started at Boulder and 
hopefully some useful date will be obtained before long. 

O'. K. DAVIES : 1,~ This subject of ionospheric disturbances and weather is one that deserves to be pur¬ 
sued and the present paper is a step in the right direction. 

2,- In looking tor correlations between weather and gravity wave effects in the ionosphere 
it should be remembered that gravity waves do not travel vertically. Thus one should look at the ionosphe¬ 
re a distance of perhaps a 1 000 km. from the source. 

Q-. G. LEBFALD : The propagation path by which an AGV travels from the troposphere to ionospheric heights, 
will depend to a great extent on the vertical vind profile it encounters at intervening heights. It is no 
doubt possible that energy fretn a specific source point could arrive at the ionosphere as far as 1 000 km, 
avay from the overhead point, but I would think a displacement of a few hundred kms, to be more typical. 

The localization of a plausible AGW source from tropopause wind maps also has uncertainties of the order 
of hundreds of kilometers and the limitations imposed by having only two maps available per day. The 
implication I meant to give by saying that ionospheric effects may he localized is that one might expect 
them to be largely caused by jet stream sources within about 500 kn of the ionospheric measurement point. 


Discussion on paper 17 : "Generation of anomalous ionospheric oscillations by thunderstorms", by C.A, MOO 
and A.Do PIERCE. “ 


Dr. C.H. LIU : I shall make a comment on the idea of resonant wave interaction. In the acoustic-gravity 
wave case, the conservation of w and the real part of T can be satisfied, but the imaginery part of k 
can not satisfy the resonant condition. Of course, your computation did not really use the vave-vave in¬ 
teraction approach. 

Dm, Ch. MOO : The model here presented is concerned with the weak emission of acoustic wave by the non 
linear interaction of gravity wave velocity fields confined to a finite volume. The dynamical theory of 
vave-vave interaction as, for example, presently employed in upper ocean wave theory, is not used. There 
are common ideas, however, which follov from the geometrical structure of the dispersion equation. 

Dr. K. DAVIES : 1.- The spectra of ionospheric disturbances generally contain two peaks. One peak has a 
period near 4, 6 min the other around 3, 5 min. The acoustic cut-off period of the tropopause over 
Oklahoma during 1969 and 1970 is 4, 6 t 0,1 min. Any acceptable theory must explain these two peaks, 

2.- In 1970 spaced transmitter measurements in Oklahoma City were used to locate the sour¬ 
ces, Good agreement was found between the calculated si "rce positions euid the thunderstorm positions given 
by weather radar records, 

Ik. Ch, MOO : Using the model of generation we propose the acoustic wave frequency is the sus of two gra¬ 
vity wave frequencies. Generally a severe weather system has seversl convective cells which might generate 
internal waves with different frequencies, so that any acoustic waves generated by interaction of gravity 
vave fields would have multiple frequencies. I think calculation of source positions, by for example ray 
tracing, can only give the general effective Bource region, since usually we have only average ideas of 
the temperature and vind profiles, especially in the mesosphere and thermosphere, to make the calculations. 

Dr. G. STILKE : He hare several years of continuous records of micropressure variations in Hamburg with an 
array of microbarographs, With most thunderstorms we get nearly sinusoidal pressure oscillations with pc- 
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riode of several minut• ■, superimposed oo tha longer pressure changes. 

Dv. Ch. MOO : Ha vould vary auch appreciate receiving copies of tha microbarograaa ahow in* tha pressure 
oscillations in period range of ainutea. In record* I have seen, these oscillations are frequently sup¬ 
pressed by the large pressure changes of frontal activity. 

Prof. H, VOLLAND i The limited bandwith of infTaaound waves with periods between about 2 and 5 min obser¬ 
ved at F2 layer heights can be explained alternatively by the filtering effect of the thermosphere, fil¬ 
tering out on the one hand vertically propagating vaves beyond the acoustic cut-off frequency and on the 
other hand high frequency vaves due to dissipation effects according to molecular viscosity, This high 
frequency cut-off period ie proportional to n/p where n it the coefficient of viscosity and p the mean 
pressure. Therefore the period increases with height and has reached about 2 min at F2 layer heights. 
These vave periods hetveea 2 and 5 min are expected only in that height range. (Volland, "Attenuation of 
acoustic-gravity vaves within the thermosphere" Forschungsbericht der Autronamiechen Institut der 
Universitlt Bonn, Nr. k/69, Horn, 1969,) 

Dr. Ch. MOO : A similar suggestion of filtering was also made by Georges (1968), However, since this pass 
band varies with hsight in the ionosphere, I find it hard to believe tha. the relatively high Q of the 
ionospheric oscillations at all H? radio reflection heights is due to filtering. The quasi-maoMschromatic 
nature of tha oscillations must be characteristic of the source in the troposphere. 


Discussion on paper 18 ; "A phenomenological investigation of amplitude end spectra of gravity waves" 
by P.J. 3CK0DSX. "" 


Dr. K. DAVIES : The spectrum of gravity vaves, as observed by total content measurements, ia affected by 
the direction of the ray path with respect to the magnetic field. This has been shown by Georges and Hooke, 
Would you please earnest on this as it affects the spectra of the Lindau meets ur went a. 

Dr. J. 8CH0DEL : C imputations show that the measurements in Lindau/Harz are not affected. 


General Discussion 


Dr ,Ch .WILSON ; I vould like to suggest that it is important to relate the observation of TID’s to spe¬ 
cific 'auroral substorms to test the ideas of C. Hines, W, Blumen and Chimonas that either Lorentz force 
or Joule heat lose in auroral electrojets will generate gravity waves. If auroral datn are not available 
then the magnetic index AE should be used because this ia the best magnetic indication of auroral sub¬ 
storm activity. 

Dr ,.D, NIELSON : Regarding the coupling of the neutral and ionic gases during the passage of a gravity 
vave, there are quite definitive observations available from the 1962 U S Nuclear test series. The data 
are in the form of vertical and oblique incidence ionograms from equipment especially distributed for the 
tests, A very consietent picture of the effects on the ion gas of the neutral wave emerges from these da¬ 
ta. visile the publiahed data from these tests does not adequately provide the detailed scaling that vould 
make a test of theory convenient, any coupling theory or scaling relation must be consistent with the ge¬ 
neral empirical picture as presented in Hef 1 and 2, That is that equatorvard-directed vaves produce a 
decrease in layer critical frequency during the first half cycle whereas poleward vaves produce an in¬ 
crease, The changes are at times substantial with decreases as much as a factor of two in critical fre¬ 
quency and increases both north of the burst and south of the equator as much as b or 5 times, Thus the 
vave effects are very clear and offer observational data on vertical, geographical, and temporal varia¬ 
tions, More on this will be shown later. 

Ref. 1 : Lomax and Nielson, J.A.T.P,, vol. 30, P.P. 1033-1050 (1968), 

Ref. 2 : Kanellakoe, AGARD PROCEEDINGS N, 33, "Phase and Frequency Instabilities", p.p, U39-U53, July 1970, 

Dr, D.P, KANELLAKOS: The tmse situation is met during low-altitude explosions, as during the high alti¬ 
tude casee mentioned by Mr. NIELSON. A discussion for large yield nuclear explosions near the earth's sur¬ 
face at the Pacific (Johnston Island) and Noway* Zenlya is givsm in the paper by D.P, Kanellakes, 

("Spatial and Twporal Model of the TID from a low-altitude Nuclear Explosion' pp, 439— 
b52 in "Phase end Frequency Instabilities in Electromagnetic Waves Propagation” AGARD Conf, Proc, N, 1*3.) 

J. TE3TUD : Je suit d'accord avec la suggestion de C, WILSON pour comclure que 1'activity auroral* est la 
source dee oodes de gravity observes dans la region F 1 moyenne latitude, il eat prtftrablo de faire des 
ttude* dttailltes aur des observations sptcifiques, plutot que des ttudes etatiatiques, 

En France, on a analyst rtcaament des observations mettant en jeu : 

- le soodeur i diffusion incohtrente de St Sant in Nanqey qui permet l'ttude de la structure verti¬ 
cals des perturbations, 

- le rtseau ouropten d'ionosondes, qui permet d'observer la propagation horizontal*. 

- lea donctes de aagnttogrammes auroraux provenant de nambreuses stations aur le pourtour de i : o- 
vale auroral. 
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Dan* plusieurs cm, on a pu relier del perturbation* ionoeph$rique» de grande amplitude observes 
pendant la journfa it da* dvinaments auroraux ts produiaant du cote jour. 

Dr, V. CHAIO i I vould liXe to consent on Dr. Wilson's suggestion that TID observations be related to 
specific substons activity. In October and November of 1969 Stanford Research Institute operated a spaced 
transmitter HP CW Doppler network near Homer, Alaska for this very purpose. During the 6 week observation 
period a variety of signatures, some apparently unique to high latitudes, were detected, A number of TID'e 
were also detected including 2 events which unlike mid-latitude events were characterised by long trains 
(3 to *» hours) of regular fluctuations of roughly 20 minute periods. These events arrived from the north 
and therefore may be related to auroral activity, There were, however, TID'e vhich did not arrive from the 
north and therefore do not appear to be auroral related, In general when auroral activity over Alaska wm 
high the ionosphere was highly disturbed so, even if TIS'a were launched from a specific substorm, we 
could not detect than. In apite of the disturbed ionosphere over Alaska during active period I believe 
that it ia possible to detect TID's launched from a specific substorm if different probing frequencies 
were used (the Alaskan system used frequencies of about 3,0 MHz) in addition to a longer observing period. 
Independent of the above, nonever which after all occurs over only about 30 % of the observing period, a 
high latitude aito is valuable because one can readily separate the non-aurorel events from those that 
are auroral related. For the lattsr a plot of their arrival angle versus time of day should yield a simi¬ 
lar fractioned relation m the direction of ray, the midnight sector of the oval with respect to the ob¬ 
server. While the same could be done at mid latitudes the advantages of the high latitude sites are ob¬ 
vious . 


Dr. J, LOMAX : Dr, Bovman'a paper describes a significant correlation in the occurence of gravity waves 
observed at Brisbane and of spread-F at locations with high dip latitude. Dr, Wilson's paper describes 
the generation of auroral infrsoonic shock waves by motions of the auroral electrojet. These two factors 
recall to me a paper that 1 delivered at the AGARD meeting in Copenhagen, In that paper I presented ob¬ 
servations on the onset time of spread F in the equatorial region. On nights with strong spread-F activity, 
the onset time appeared to be equal to the acoustic propagation time from the termination of the equato¬ 
rial electrojet to the location at which spread-F onaet was being observed. The inference that I am making 
ia that acoustic gravity waves may be generated by both the auroral and the equatorial electrojets, and 
farther, that these waves then act as triggers of instability mechanism that . suit in the occurence of 
spread-F at both high and lov latitudes respectively. 
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SCFMAIRE 


Un recent developpement dans le dooaine du Bondage radar, a rendu visible la structure 
de la troposphere A un degr£ qu'on n'avait pas preced eminent approch£, L'appareil de Bondage par 
radar eat un systdme modulation de rr£quence/onde entretenue congu et realist par le Dr,J,h, RICHTEL 
(1969). 


Lea caract£ristiques lea plus oar quant cb qui apparaissent dans les enregistrements aont ,’.es 
ondes de gravite internes, certains traits rappelant les structures d'instability de Kelvin/ 
Helmholtz, et les couches multiples pr£sentant frequenrient dea stratifications de quelques metres 
seulement d'£paisseur, et des cellules de convection & l'intgrieur de la couche marine (GOSSAI^, 
RICHTER et ATLAS, 1970 J GOSSARD, JEMSEM et RICHTER, 1971). 

On a fetis des doutes considerables sur ce que le radar "voyait" reellement, 11 eBt evident, 
d'aprAs les enregistrements, que les images de retour proviennent des regions a gradient d'inrije de 
refraction eievS ; cependant, que l'echo de retour soit vine rStrodiffusion sur une zone mince d : tur¬ 
bulence intense de petite £chelle ou bien qu'il comprenne une reflexion coherente particlle str des 
couches d fort gradient d'indice de refraction, reste & determiner, 

Les auteurs de 1'expose pr£sentent touts une game de configurations structurales atmojphe- 
riquea, et les camparent a plusieurs modules hypoth£tiques de structures d'ondes internes pour tieux 
comprendre lea processus atmospheriques en action, lie consacrent une attention particulidrc all 
repartition du Ncnbre de Richardson dana les ondes de gravite piegeea et non piegees, Ils concluint 
que les couchea multiples proviennent d'ondes de gravite internes non piegees, dont le vectr.ur du 
propagation auit une direction presque verticale a l'interieur de regions eievees tree stables, it 
que les couches aont cree«s par une instability de Kelvin/Helmholtz resultant d'une reduction du 
Sombre de Richardson sous l'influence d'un accroissement du rapport amplitude/longueur d'onde au fur 
et A mesure que les ondes se propagent pour penltrer dans deB regions eievees thermiqueaent stab.es 
de 1'atmosphere. 
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ABSTRACT 


A recent development in radar sounding has made the detailed structure of the troposphere visible to 
a degree previously not approachable, The radar sounder is an FM/CW system designed and built by 
Dr. J. H. RICHTER (.19o9). 

The most outstanding features evident in the records are internal gravity waves, features -esembling 
Kelvin/HeLmholtz instability structures, multiple layering often displaying lamina only a few meters 
thick, and convection cells within the marine layer (GOSSARD, RICHTER and ATLAS, 1970; GOSSARD, JENSEN and 
RICHTER, 1971). 

Considerable doubt has existed as to Just what the radar is "seeing." It is evident from the 
records that the returns come from regions of large refractive index gradient, but whether the return is 
backscatter from a thin region of intense, small scale turbulence (either "fossil" or mechanical) or 
whether it may include coherent partial reflection from gradient layers of refractive index remains a 
question. 

This paper shows a variety of atmospheric structural patterns and compare; them with several hypo¬ 
thetical models of internal wave structures to obtain more it,sight into the atmospheric processes at 
work. Special attention is given to the distribution of Richardson’s Number in trapped and untrapped 
gravity waves. It is concluded that the multiple layers result from untrapped internal gravity waves, 
whose propagation vector is directed nearly vertically within very stable height regions. The layers are 
concluded to be caused by Kelvin/Helmholtz instability resulting from reduction in Richardson's Number 
due to growth of the amplitude-to-wavelength ratio as the waves propagate into thermally stable height 
regions of the atmosphere. 

1. INTRODUCTION 

Radar pictures of the structure of the clear atmosphere reveal many patterns suggestive of some kind 
of dynamic instability. They provide fundamental new information about the manner in which turbulence in 
the atmosphere is created and the role played by thermal stratification in fluid dynamics. 

Correct interpretation of the radar patterns in terms of atmospheric motion and structure is neces¬ 
sary in order to make radar sounding an effective tool in weather forecasting. The proper interpretation 
of many patterns seen, and even the precise mechanism for reflection (or scattering) of the radar waves, 
remains in doubt. It is the purpose of this paper to extend an earlier analysis (GOSSARD, JENSEN and 
RICHTER, 1971)(hereafter referred to as GJR), to include effects of finite amplitude and compressibility 
in the medium. In the earlier analysis C-JR proposed that the mechanism fir generating and maintaining 
thin regions of intense, small scale turbulence within thermally stable layers wr.s tl ■ propagating 
upwards or downwards of untrapped gravity waves. They enalyzod the distribution of R , chardson's Number 
through internal waves in terma of wave structures seen by a special high resolution radar sounder 
(RICHTER, 1969). 

Only the case of infinitesimally small amplitude perturbations was considered by GJR in the analysis. 
Furthermore, it was pointed out that th" perturbation wave equations are linear in the variables 
p(z)ih, p(z)2( u , v, w) and p(z)”^p but they ignored the dependence of density, p, on height, z, when 
computing the distribution of Richardson’s Number within the wave. In their notation a, v, w are the 
x, y, z components of perturbed velocity, n is amplitude of parcel displacement and p Is pressure 
perturbation. As they stated, the neglect of the height dependence of p(z) ii permissible when the 
inverse scale height, x = -p”‘dp/dz = g/c J , is negligible compared with the inverse vertical scale, or 
skin depth, of the wave system. In other words, their analysis was applicable to the usual wave systems 
seen by the radar which are confined to relatively thin height ranges in the troposphere in the neighbor¬ 
hood of temperature inversions. 

It is the purpose of the present paper to extend the earlier analysis to the case of finite ampli¬ 
tude and to examine (l) the shape of the isotherms (and refractive index isopleths); (?) examine the 
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effect of neglecting the height dependence of p(z) when taking the height derivetlven required in the 
calculation of wave .“.ichardeon'» Number. 

Specifically, the shape of the isotherms corresponding to Frame III of Figure 3 in the GJR paper 
is computed in order to consider the question of whether the radar is "seeing" iaopleths of perturbed 
refractive index within a height gradient or some passive trace constituent carried with the displaced 
parcel (e.g., foaail turbulence). Furthermore, the Richardson's Number within the stable layer is re¬ 
calculated for a hypothetical ce.se In which the atmospheric scale height la not large compared with the 
vertical scale of the wave system. 

<;. FINITE AMPLITUDE WAVES 


One classical approach to finite amplitude theory is the method of successive approximations in 
which a nonlinear wave equation is made linear by substitution of a lover order solution in the nonlinear 
terms and solved. Equations corresponding to successively higher order solutions result. The sum of the 
solutions describes finite amplitude effects as long as kr| 1 b small, where k is horizontal component of 
wave number and n is parcel displacement. The lowest order of differential equation is linear with the 
usual small amplitude solution. This solution is introduced into the nonlinear, next higher order 
equation, etc. The method is well described and illustrated by THORPE (1968, page 579). For an incom¬ 
pressible fluid, the method is fairly convenient. The most practical foil of the wave equation is the 
vorticity equation in the stream function X and density, p. The form of finite smplitude solution which 
results from this approach will be derived here assuning an incompressible fluid and a first order wave 
perturbation of the form Xi “ Ay. COB (kx+nz-ot), Pi * p Q cos (kx + nz - at) for unbounded waves. The 
velocity perturbations, u, w » 3x/3z, -3x/3x. The solution desired is for the displacement, i , of the 
surfaces of equal density in a stably stratified fluid. For infinitesimally small amplitude, the 
solutions for both x and n ate sinusoidal in both x and z. 

The vorticity equation is (see. for example, THORPE, 1968): 
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where the power of a is the indicator of order of perturbation, the successively higher order solutions 
for x and D are: 
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It is evident that all the higher order perturbation terms in x ere multiplied by higher order derivatives 
of the unperturbed density profile. Therefore, if p_ (z) is linear with height, or perhaps exponertiol 
vith a large scale depth, x^d therefore the velocity field) is little affected by nonlinearity in the 
equations of motion. 

Our main concern lies vith the displacement of the density surfaces, because the same reasoning 
applies to the displacement of potential temperature and of refrective index surfaces. Expanding the 
the density in a Taylor's series the displacement, 6, of a surface of constant density is determined by 

o(z +6) = const » p (s ) ♦ { ^ 6 2 ^ ... (i.) 

o o o dz 2 

P(z 0 > “ P 0 !z q ) * <*P (* 0 ) ♦ a J p^(z o ) + a J p j (z Q ) ... 


6 ■ a6^ + ♦ a 3 5^ ... 

Since the first tern in rhe expansion of p(z ) cancels p z : 
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effect on shape. The reason nonlinearity In the equations of motion is not very toportni 
when written In the fo»m of the vorticit.y equation, (l). The Important ronl 1 nee-vity Is li 
terms, the second and third terms from the left,, However, they cancel since 
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The i scoml wodv wa/eu for the three layer modal vnr» »lao computed and the isotherm dlsplaoamnntr 
w» shown by th* thin wavy line* in Figure 6. Vh* dleplncoaent curve* display a pattern reminiscent. of 
the figure n,\ght or "oit'n «ya' patterns so oftat k* n by the radar iu> shown lu Figure 7. Once a$oln, 
thi* ie probably fortuitous nine® th* pattern# moan by the radar usually ar-i MsoclUed with a 
breaking sequent; and do not seem to be typically a steady state phenomenon 

3. RICHARDSON'S NUMBER 

In addition to isotherm shape, the Richardson's dumber must be considered a very important parameter 
in th# interpretation of the radar record*. The gradient Richardson's Number is defined as 



and i» generally considered to be an important criterion for the onset of wave instability ^breaking) or 
turbulence. Work by TAYLOR (1931), MILES (196.1), MILES and HOWARD 0.96b), and CHIM0NA3 (1970) indicate 
that reduction of the Richardson's Number to lees than 0.2b la a nttesrtry condition for the development 
of wave Instability. 


OJR proposed that the propngation of untrapped gravity waves into ft height region of large thermal 
stability can reduce sufficiently to cause the onset of dynamic instability at the crests or troughs 
of the waves, if some shear already exists in the propagation mediur. It is, therefore, argued that 
many of the thin, multiple layers commonly seen by the ;filar can be explained in terms of untrapped 
gravity waves propagating into a height region of great thermal. Btr.bility aa shown schematically in 
Figure 8 As the slati^lty increases, tins vase vector tilts toward the vertical so that equiphaae 
surfaces are nearly horizontal. If the vertical energy flux is constant with height, the ratio of ampli¬ 
tude to vertical wavelength, nn 0 » will increase, reducing the (numerator of) Richardson's Number to a 
level of dynamic instability at some phase of the wave. A record wl.ich J».y be an example of this 
phenomenon is shown aa Figure 9. 


From vl2), it follows that the numerator of (lb) 
placement n, as 
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written in terms of the wave induced dia- 

(15) 


la order to derive the relaoto:: between u and displacement, n, needed in the denominator we require the 
two-dimensional equation of continuity for a compressible fluid: 

— + ~ v . ... /W * p (l\ 
dx 3/. p 0 + " oT/ 

and the 1st Law of Thermodynamics• 
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where D/Dt is the operator 3/3t ■ V 3/3x; p, p, w, u are the perturbed pressure, density, vertical 
velocity and horizontal velocity, and p 0 , p, c are the unperturbed density, pressure and sound velocity. 
V is the unperturbed horizontal wind speed. 

Eliminating p and using the hydrostatic relation 3P/3z * -p Q g, (15) becomes 
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where p is related to u by the 1st equation of motion, i.e., 
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Taking the partial of (l8) with raapect to x we gat 
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If we return to (l8) we get on substitution 




Equations (20) and (21) are equations U3ed by GOSSARD, RICHTER, ATLAS (1970), and OJR. They do not 
include shear vithin the medium. Noting that w * Dn/Dt and assimir.g C 2 < < c 2 


du a (b_ _g\ dr? 

dz k y)z c iJ bz 


r p)f 

of the form n x 


For untrapped waves, a solution of the form n * n cos (kx + nz - at) may be assumed. For the three- 
layer model discussed above. 


r? 2 *? 0 co ' n? - 

V 3 * >1 0 cos (n~j exp (. y 3 ( z . Ah/2)] 


(25) 


where the subscripts 1, 2, 3 apply to the lower, middle and uprer layers respectively, and where the 
origin is chosen at the middle layer. The Richardson's Numbers in Figures 1 and 2 were calculated using 
equations (2k) and (25) assuming (N x ,/yi 3 C] 2 » 0.25, no o “ Q.75. For Figure 1 it was assumed that 

g/c 2 « 3/3z and the effect of the height'dependence in P 0 (z) -1 ' 2 on *1 and itB derivatives was ignored 
(incompressibility assumption). Figure U shows the corresponding patterns of R| in untrapped waves, 
where R* is represented by sloping straight lines; and Figure 6 Bhows patterns of Rj^ in 2nd mode trapped 
waves where R^ is shown by heavy lines. 

If g/c 2 is negligible the numerator and denominator of (2k) go to zero together as nn D •* 1.0 at a 
limiting » 0.5. Further increase in nn Q leads to negative R^ which implies that the wave can produce 
super-adiabatic gradients. This is important because it means that the wave cannot reduce R^ to the 
level of dynamic instability, i.e., Rj * 0.25, but may, Instead, produce convective Instability. For the 
case of untrapped waves, this might argue that layers of convective instability and superadiabatic 
temperature gradients as proposed by 0RLANSKI and BRYAN (19^9) might be observed instead of dynamically 
unstable lamina resulting from reduced Rj. However, our balloon soundings have failed to detect 
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suporadiabatic temperature gradients within temperature Inversion layers [RICHTER and OOSSAHD, 1970], and 
OJR pointed out that the substructure revealed by the radar within the lamina resembles the Kelvin/ 
Helmholt* Instabilities seen at larger scales and commonly attributed to (iynamlc Instability. When any 
background shear in the medium is Included, it is found that the limiting Ri ■ 0.5 no longer applies snd 
Rj decreases smoothly to R t » 0.25 ss nn 0 increases. We therefore propose that dynamic Instability in 
untrapped wave systems, imbedded in a medium with some shear, is reBponnible for the creation of the 
thin layers of turbulent instability seen by the radar within temperature inversions. 
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Fig.4 


Wave shape and Rj for untrapped wave 


model assuming same condition 
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Fig.9 Example of record showing wavelike structures which illustrate regions of reduced Rj propagating 
vertical (as well as horizontal) direction with untrapped gravity waves. 















THE DETECTION AND STUDY OF GRAVITY WAVES WITH MICROWAVE RADAR 

by 


Isadore Katz 

Applied Physics Laboratory 
Johns Hopkins University 
Silver Spring, Md. 

USA 


272 






DETECTION ET ElUEfc D'OMKS DE ®AVITE A L'AIDE DE RADARS MICRO-ONDES 


par 

I, Katz 


SOMAIRE 


L'carpi oi de radar* ultrt-sensibles a permis da 'Voir" la structure et las mouveuents da 
1'atmosphere d'une fagon qui Stait autrefois impossible, Cea radars out, entre autre* ( dStectt 
Xa presence d'onde* de g* ,<n t.A A la tropopauae. Bn outre, nou* avons vu, A travers tout* la tro- 
pouph&re, de ncmbreux exeu. .* de phSnomdnes d'onde* invariablement lit* A da* couches stables. 

On a obtenu de* preuves experiment ale* qui moi.trent de fagon incontestable que la diffu¬ 
sion de Bragg «*t la cause esientielle du phSnooAne de diffusion SiectrcnagnStique, On a dScouvert 
que 1'intensitS de signal do* Scho* radar Stait une fonction linSaire de la densitS spectral* 

(A une deni longueur d'onde radar) de* fluctuations dc l'indice de rSfraction dans l'atmosphir 

Une Stude portant aur 26 cas d'onde* de gravitS dStectSes au cours d 1 autre* recherche*, 
a permis de caractSriser ce* ondeo, A titre d'essai, en fonction de leur* dimensions, de lours 
forme*, dc leur persistence et des conditions dans lesquelles elles apparaissent. On espAre que 
cette caractSrisatioh servira de base A une fctude arpArimec mle plus complete des ondes de gravity 
A l'aide de d£tecteurs radar. 
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1. Ab strac t 

The use of ultra-sensitive .-adars has resulted in a new abil j fy to "see" structure and motion of the 
atmosphere not possible before. Among other things theje rada.-s detected gravity wa> ss at the tropopause. 

In addition, we have seen many examples of wave phenomena throughout the troposphere Invariably associated 
with stable layers. 

Experlmcnta 1 proof has been obtained which shows incontrovertible evidence tnat Bragg scattering is 
the priiie cause of the electromagnetic scattering phenomenon. The signa' strength of the radar echoes 
was found to be a linear function of the spectral density (at one-holt the radar wave length) of 
-efr ctive index fluctuations in the atmosphere. 

A review of 26 gravity wave case;- which werz detected during the ‘course of other investigations permits 
a tentative characterization of these waves in terms of sizes, shapes, persistence and conditions under 
which they occur. It is hoped that this characterization will provide a basis for a more complete 
experimental investigation of gravity waves with radar sensors. 

2. Introd uctio n 

Radar has been used to detect discrete objects such as aircraft and c?rds and also has been effective 
>n the study of precipitation. More recently hion-po-or microwave radars, equipped with large antennas, 
have been used in the study of clear-air atmospheric phenomena. These u)tra-sensitive radars, now in 
use for about f> years, are capable of detecting the structure of convective cells, stable layers and 
waves, all in optically clear air. Convective activity in clear air is generally limited to the lowest 
2000 in of the atmosphere. Layers, on tne other hand, have been found to occur from near the surface u;> 
to the highest ciear-air detection altitudes, say 15 km. These layers frequently exhibit gravity Wave 
characteristics and it is these waves which comorise the subject of the present paper, ho experiments 
have been directed primarily toward a study of gravity waves using radar, but in the course of carrying 
out other programs many cases of gravity waves have been encountered. In this paper we describe the 
characteristics of these gravity waves. 

3. Bra gg Sc attering 

Scattering ot elec.tr;magnetic waves by turbulent media has been the subject of many scientific 
studies; for examp’e: Booker and Gordon (1950), Batchelor (1955), Tatarski (1961). These theories, 
although different in detail, relate the scattering to fluctuations in the refractive index of the 
atmosphere. One finds from theory the following relationship between the normalized radar scattering 
cross section , n, in m 2 per m 3 , and the energy in the index fluctuations F (k ) at tne radian wave 
number, k r> corresponding to one-half the radar wavelength, ! * 

n - 0 65 k 2 F n (k r ) (1) 

where k r = 4<tM r . This eguation says that electromagnetic energy incident on a turbulent medium is 
strongly affected by those irregularities or eddies in the medium whose size is about one-half the radio 
freguency carrier wavelength. These eddies contribute mainly to the scatter because onlv these sizes 
can provide the phase additions which produce a strong signal in the backscatter direction. This is 
essentially the Bragg condition for constructive interference from a grating. 

Experiments have been performed which provide quantitative verification of the applicability of 
Eq. (1). The experiments carried out at Wallops Island, Va., involve radar Hacking of a meteorological ly 
equipped airplane, making simultaneous radar measuremerts and meteorological measurements. The radar 
tracks the airplane with one gate and, by linking a >ecor.J gate to the first, measures signal returned 

the clear atmosphere from a region of space just ahead of the incoming airplane, lhis technique 
provided a radar measurement from the atmosphere and an in-situ refraciometer measuiemen from identical 
regions within about 10 seconds. Adjustment tor the lG-second lag permitted a direct comparison between 
rad-sr cress section and the appropriate portion of the refractivlty spectrum. Fig. 1 shows a comparison 
of n versus F (k) . From these results one can conclude that Eq. (1) is essentially correct and that 
Bragg scattering is applicable to the optically clear atmosphere Because these small irregularities in 
refractive index are quite often present in the atmosphere and aic o f sufficient intensity for detection 
on ultra-sensitive rauars, they act as markers which move with the wind and can be u^ed to determine 
atmospheric structure and motions 
4• Layer s, Wave s and Turbulence 

Strata in the atmosphere are comnenly detected with ultra-sensitive radars, especially at the lower 
atmospheric levels. In rig. 2 is a photograph of a Range-Height radar 'ndicator (Rill) showing at. least 
10 stratified layers be'.ow 6 km. This photograph snows height versus range at a fixed antenna azimuth. 

Layers like these may be as thick as 1 km or as thin as 1 to 10 m. Such layers have been the subject of 

much discussion in attempts to explaii t^e mechanism for radar detection. Ottersten (1970) theories 

that these layers are stable which allows vertical wind shear to develop. As the shear increases, small- 
scale instabilities occur causing turbulence in thin layers. If this turbulence is insufficient to erode 
the shear, progressively larger instabilities break cut. and one finds larger-scale turbulence. Per,ups 
the stable layers are tilted by fronts, or waves which increases the shear even more and turbulence will 

occur over large vertical extents. If the above mechanism is correct then Ottersten has provided the 

explanation for the ridar detection of the stable stratified layers. 






This mechanism, then, results In the capability with ultra-sensitive radars to observe the 
formation of strat'fled atmospheric layers and their development Into waves If conditions are 
appropriate. 

at the higher altitudes radar layers have almost Invariably been found to be associated with 
turbilence. Experiments have been carried out at Wallops Island during the winter months In which 
aircraft have been flown Into regions containing radar layers to determine the relationship between 
radar layers and the occurrence of turbulence. To date, a high correlation exists between them. Most 
high altitude layers are found to be turbulent; Glover and Duquette (1970). 

5. Wav e Characte ristics 

The present stage Is a rather early one with respect to understanding wave phenomena In the 
atmosphere. Since radar Is yielding experimental evidence of wave formations It may be fruitful to 
describe the various forms these waves take and the conditions under which they occur. The following 
examples and discussion comes from considering a group 'of 26 occurrences of waves from May !96£ to 
August 1970 at Wallops Island. They are by no means all the wave formations seen with these radars 
but they are probably at least representative of all those which did occur. It is hoped that describing 
the wave characteristics even at this early stage will lead to more definitive experiments to sh:d light 
or these atmospheric gravity waves. 

A. Wa ves Form Along Horizontal Interfaces 

Although waves can propagate horizontally or vertically, radar has $hown waves only along 
horizontal interfaces. Most radar detection of gravity waves at Wallops Island nave been made in clear 
air. The signal strength from tnese waves are weak and are mostly limited to within a radius of 40 km. 
The layers, the waves and tie breaking waves which occur are horizontal and are almost invariably 
associated with stable layers and with vertical wind shear. Fig. 3 Is a good example of a horizontal 
wave structure which formed at an altitude of about 3.5 km to the north of Wallops Island. This wave 
formation lasted for over 105 minutes and could be seen on many RHI photographs over an azimuth range 
of about 25 degrees. Outside this azimuth range a radar layer was seen but there was no associated 
wave structure Other layers and coherent targets, (birds) may also be seen In this figure. 

B. Wave Shape 

Some waves are sinusoidal. However, most of the wavy layers detected with radar have a 
"braided" appearance as illustrated in Fig. 4. Braided waves were interpreted by Hicks and Angell 
(1968), to be breaking gravity waves. Other mechanisms were proposed tp explain the braided appearance 
but none provided a more satisfactory explanation than that of breaking waves. In addition, there arc 
available optical photographs of clouds which are almost identical with the radar photographs, Colson 
(1954). It must be concluded that breaking waves remain the most plausible explanation for the radar- 
detected wave shapes. 

Waves sometimes take on the appearance of a wave train. A good illustration of such a formation 
is shown in Fig. 5. In this figure one can see six stages of the wave within a Derlod of 12 minutes. 

The radar antenna was pointed toward the west; the wind, and probably also the waves at 1.1 km altitude, 
were coming toward the radar from the west. 

C. Altitude and W avelength of Gravity Waves 

Waves occur at all altitudes up to the maximum radar detection altitudes with no preferred 
altitude being apparent. A listing of the waves, their altituoes, wavelengths and amplitudes are 
given in Table 1. From this table one can see the wavelengths lie between 0.6 and 3.4 km with a mean 
of 1.7 km. Amplitudes vary between 0.2 to 1.5 km, with a mean of 0.5 km. The waves on 
17 January 1969 are not included in the averages since the wave structure was uncommonly large, 

Deed and Hardy (1972); this case will be discussed again below. 

TABU 1 


No, 

Date 

Altitude 

Wavelength 

km 

Ampl 1 tude 
km 

No. 

Date 

A1 ti tude 

Wavelength 

Amplitude 
kin 


5-10-66 

3.2 

1.4 

0.3 

14 

1-20-67 

11.0 

1.7 

0.6 

2 

5-12-56 

3.5 

1.9 

0.4 

15 

5-16-68 

3.5 

1.1 

0.3 

3 

5-13-66 

4.6 

1.8 

0.3 

' 16 

11-19-68 

6.1 

T.2 

0.5 

4 

5-20-66 

3.7 

2.0 

0.6 

17 

11-22-68 

1.5 

3.4 

0.8 

5 

5-24-66 

7.3 

1.3 

0.5 

18 

12-20-68 

0.8 

2.2 

0.6 

6 

5-26-66 

3.1 

1.5 


19 

12-20-68 

2.1 

2.2 

0.6 

7 

5-26-66 

3.4 

0.9 

0.4 

20 

1-24-69 

1.1 

’,.! 

0.4 

8 

5-31-66 

4.3 

1.4 

0.2 

21 

1-24-69 

1 5.0 

3.3 

1.5 

9 

6-1-66 

3.5 

2.2 

0.3 

25 

4-13-70 

1.4 

0.6 

0.2 

10 

6-2-66 

0.6 

2.0 

0.4 

26 

8-24-70 

2.5 

1.3 

0.2 

11 

6-2-66 

1.4 

1.4 

0.3 

Mean 



1.7 

0.5 

12 

6-10-66 

5.3 

1.4 

0.2 

.2 

3-17-69 

8.5 

15-30 

2.0 

13 

12-28-66 

12.2 


0 6 

23 

3-17-69 

8.5 

1.6 

1.0 






24 

3-17-69 

7.6 

5.0 




Wives sometimes appear simultaneously at different altitudes and apparently unrelated to each 
other. Fig. 6 Is an example of a situation In which there are four distinct lays-s with waves In each 
layer. A sequence of RHI photographs over a IS minute period showed the layers were somewhat transient 
with the layers .5S to 1.1 km and 1.9 to 2.4 km being the more persistent and Intense. The waves at 
one level were seen to have little or no relationship with the waves at any other level. This observatl 
suggests that the waves develop Independently at the different altitudes and proceed with little or no 
coupling between the layers. 


Wave directions are difficult to obtain from the radar measuranents discussed here. Most radar 
detections of waves were made in the course of Investigating other phenomena. Thus one has, in general, 
only one RHI wedge through the atmosphere and with this a unique direction <s not obtainable; measure¬ 
ments over a significant azimuth range are necessary. In the one case In which many RHI slices were 
made within a 25 degree azimuth range, the breaking waves were found to be aligned with the wind shear. 
In the study of other wave directions, necessarily coarse, there seems to be a tendency toward alignment 
with the shear vector.but to date a definitive statement 1r, this regard is as yet not possible. 

The Reed and Hardy observation of a large amplitude wave was also one In which waves from 
different directions were found to coexist. It Is relatively common to observe (optically) wave 
structures 1r cirrus aligned in different directions. In fact, one of the wave structures in the 
Reed and Hardy paper was so Irregular, Fig. 7, that one would need a Fourier analysis to resolve its 
spectral content. As yet no spectra have been extracted from radar measurements on waves. Some doppler 
spectra have been obtained in a deformation field containing a wave structure by Dobson and Meyer (1972) 
but the shortness of the sampled record precludes extracting a spectrum on the longer period waves. 


Acoustic or Acoustlc-Gravi ty Waves 


A few attempts have been made to measure the phase speed of the waves with the conclusion that 
they travel with the wind. From this It is apparent that at least some of the radar-detected waves 
discussed In this paper are either stationary or move slowly with respect to the mean fluid motion. If 
the waves did indeed move with acoustic speeds, l.e. , about 2 x 10“ cm per sec, such motion relative to 
the wind would be readily detectlble. Since their motion Is slow with respect to the wind, It will 
require a simultaneous accurate measurement of the wind and the wave phase velocity. The most promising 
technique for this purpose"!nvolves doppler. 


At the lower altitudes, say up to 5 km, layers and waves occur during all seasons at Wallops 
Island. Moisture gradients contribute strongly to tl.e radar backscattering; hence, the result that 
one finds many more strongly reflecting regions at the lower altitudes. Also, It Is likely that layers 

and waves are more predominant during the summer although r.o definitive statistics are available In this 

regard. 

At the altitudes above about 8 km, layers and waves are detected at Wallops Island only during 

the winter season when the tropopause is low «rd also when the jet stream is overhead, 

H. L arge A m plitude and long Wav elengt h W ave 

The Reed and Hardy (1972) case Is noteworthy because of Its obvious difference from the other 
waves. The large amplitude, 2 km, long wavelength, 15 to 30 km, wave had only a portion of one cycle 
visible. This Is shown In fig. 3. Their analysis showed the wave occurred within a f rontal zone whose 
width was also 2 km. This outstandingly large wave. In which the Richardson number was less than the 
critical value o f 0.25,contained moderate to severe turbulence. Cirrus clouds above the clear air gravity 
waves also showed the wave structure as may be seen in Fig. 9. It is interesting to note that here too 
the two long wavelength waves, one in clear air, the other in cirrus, are not in phase with each other. 

It would be instructive to postulate a mechanism for suen large internal waves relatively close In 
altitude but yet: unrelated. 


The previous sections in this paper have dealt with wave structures as seen with radars whose 
spatial resolution was of the order of 100 m. Recently a high resolution radar system was developed by 
Richter (1969) which has yielded a wealth of information on the fine detail of waves within the lowest 
km of the atmosphere. 


Recordings from that radar system indicate that gravity waves are always present whenever significant 
stability exists, Gossard, et.al. (I97G). Wave periods between 7 and 20 minutes are frequently observed. 
Calculations of wave speed using the measured perturbations of surface pressure and wind yield values of 
wave periods which check the periods observed with radar. The ratios of the wave frequency to the 
Brunt-VaisaU frequency were less than unity. It is concluded these waves represent the fundamental mode 
of oscillation of gravity waves for a stable atmosphere. Phase speeds were much greater tnan the local 
wind speeds. (The measurements at Wallops island seem to differ from these reports). 








The high resolution of the Richter radar yields remarkably clear pictures of breaking gravity waves 
and helps shed light on the generation of turbulence. In Fig. 10 is reproduced an example from that 
radar of a portion of a wave train Increasing in amplitude with time,obviously breaking. An Important 
feature of this photograph lies in the fact that the structure was visible to the radar before breaking 
occurred. This implies turbulence at a smaller scale existed prior to the formation of the gravity wave. 
This is in keeping with the theory of Ottersten (1970) discussed earlier. 

7. Conclusions 

As a result of the radar observations at Wallops Island and elsewhere one can characterize gravity 
waves, some of these quite tentative at present, as they occur in the troposphere: 

(1) Waves are a common occurrence in the troposphere, 

(2) They form on horizontal stable layers, 

(3) They are acoustic-gravity waves, 

(4) They ate transient or they may last up to several hours, 

(5) They may be sinusoidal in shape and appear as wave trains, 

(6) They frequently become breaking waves, 

(7) They appear at all altitudes up to the tropopause, 

(8) They have a mean wavelength of 1.7 km and range between 0.6 and 3.4 km; (some are much larger), 

(9) They have amplitudes between 0.2 and 1.5 km with a mean of 0.5 km, 

(10) They are multi-layered, sometimes as many as four waves appear at different closely spaced 
altitudes, each with phases and perhaps directions independent of the other, 

(11) They tend to be aligned with the shear vector, 

(12) waves from different directions can coexist at the same altitude, 

(13) They occur during all seasons. 

Much excellent theoretical work has been done on the subject of gravity waves. However, the experi¬ 
mental results described in this paper and sumnarized above suggest a complex system of wave structures 
and motions whose ultimate description will probably require a 3-dimensional spectrum similar to that in 
use at present to describe the ocean surface. 

It Is hoped that the characterization of the waves presented here, although based on a relatively 
small number of cases, will lead to future experiments with high resolution radars and, hopefully, in- 
situ probes which will improve our total understanding of the dynamics of the atmosphere. 
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Fig.2 Range-height photograph shoeing many stratified layers. Azimuth 
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Fig.5 Six stages of a wave in a wave train formation, 24 Jan. 69. Waves are probably traveling toward the radar 
from the west and lasted about 12 minutes. 
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Fig.6 Waves occurring at different altitudes simultaneously with little or no apparent coupling between the layers. 
Tlie layer at about 8 km is cirrus cloud. 
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SOfrMAIRE 


On peut detecter avec succes dea onoes acoustiques et de gravite dans la region 1) de 
1'ionosphere, malgre lee difficult^ bien conuues liees a 1'interpretation aes donn^es de cette 
region, Cette possibility est d'abord demontr£e theoriquement, puis confirmee par une analyse 
attentive des donnfes TBF et des donnees d'interraodulation portant sur la tone situee entre 50 
et 70 km d'altitude, Les limites relatives a 1'amplitude, A la frequence et a la longueur d'on- 
de des ondes acoustiques et de gravite susceptibles d'etre detectees a ces niveaux sont fcneve- 
ment examinees. 
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OBSERVATIONS QF GRAVITY WAVES IN THE HEIGHT RANGE 
SO - 70 KM. 


G.E.PERONA 

Istituto di Elettronica b Telecomunicnzioni 
Politecnieo di Torino, Italy 


SUMMARY 

Acoustic-gravity waves can succ.sssfully bo detacted in the D region of thB ionosphere in spite of all 
the well-known difficulties that characterize the interpretation of the data concerning that region.This 
possibility is demonstrated from a theoretic point of view and is successively confirmed by a careful 
analysis of VLF data and cross-modulation data, related to the 50-70 Km range. The limits on the ampli¬ 
tude, frequency and wavelength of acoustic-gravity waves that may be detected at these levels, are 
outlined. 

1. INTRODUCTION 

At present , no measurement techniques are available for continuously monitoring the atmospheric 
parameters in the height range SO-70 Km. Specifically, balloons are efficient up to 30 Km only; rockets 
are a source of great local perturbations. Besides, measurements with rockets and balloons are disconti¬ 
nuous. Even standard electromagnetic techniques present low efficiency . Therefore, acoustic and internal 
gravity waves arenot monitored in the height range quoted above , where the theoretic analysis shows 
that many interesting phenomena taka olace, like ducting end reflection. Above 70 Km, lasers have recen¬ 
tly detected long period internal gravity waves, (KENT G.S. et al. ( 19721, and below 50 Km high-resolu¬ 
tion radar measurement*are usBd to study internal waves in the atmosphere near the ground (QOSSARD and 
RICHTER, 1970). 

Up to date, only two ground-based electromagnetic techniques have been suceeastilly used in studying 
the lower 0 reqian, namely the crose-madulation experiments end the VLF propagation. The present paper 
will examine the possibility of detecting gravity waves in the height range 50-70 Km with these two techni 
ques. Its first section evaluates changes in electron density produced by gravity waves in an idealized 
diurnal atmosphere, assumed to be isothermel, in photochemical and diffusive equilibrium, and without 
wind motions. The second and third sections deal respectively with gravity waves and cross-modulation, 
and gravity waves and VLF propagation. A few experimental results will be presented in support of the 
theoretic analysis 

2. GRAVITY WAVES AND REGION 0 
2.1 Gravity waves. 

The "polarization" relations for gravity waves protwgating in an isothermal atmosphere without winds, 
can be written as follows (HINES C.O.,1960): 

P,/P » <?,/« - uyx - U 2 /Z - T^ A exp J.f»t - k^x - z )} (1 I, 

- p^, p , and T^ are the normalized variations of pressure, density and temperature; 

- U , and U are the horizontal and vertical components of the neutral air velocity; 

-0> • 2 rt/T is the angular frequency; 

- k , and K - k + J/2H are the horizontal and vertical wave numbers; 

- H is the scale height of the neutral atmosphere; 

“ P, R. X, and Z are functions a r frequency, wave numbers and atmospheric parameters (HINES C.O., I960) ;and 

-V- P-R. 

Other parameters that will appear later are defined here for convenience: 

- c - speed of sound ; y a 1.4 is the adiabatic exponent; g is the gravity acceleration; 

- « a - yg/2c; 0 ) n - 2*/^ - (y -ll 1 ' 2 q/c; 

- H[0], H [0 3 J ..... are the scalB heights in Km of the mirror atmospheric constituent-* 0, 0 n .; 

- [0 ], [0( 3 P)].are the number densities in cm ^ . 

Changes induced by a gravity wave in diurnal lower D region will be analyzed in two steps: namely, 
changes in the relevant minor nButral constituents of the atmosphere, and changes in the electron density. 










22-2 


out For shorter gravity waves and acoustic waves. 

It is known (HINES C.0.,1960) that, under the following assumptions: 

2 .. 2.2 2 , 2 ' 
k z »W a / C , <0 <0^ 

the dispersion equation and the "polarization" relations for internal gravity waves become 

2.2 2 .2 


U /u - - k /k = -<o/a : e /u - i(y-i)^/c 


( 2 ), 

ex_tremely 


(3), 

( 41 . 


The horizontal and vertical displacements, respectively Ax and^z, of the air masses moved by the gravity 
waves are approximately equal to: Ax « - j and A z - -j U /at . The normalized real parts of g ^, T^ , 

U , U , A x, and A z pro shown in Fig.1. It fs important to notice that the amplitudes of the sinusoids 
do nof depend on <o within the approximations of the unequalities (2). Furthermore, T, and Q have the 
same amplitude but are of opposite phase, while U and U are in quadrature with them. This fact implies 
that the air masses moved by the gravity waves, pass throug'h tbtir equilibrium position (e.g. at t»t , 
where ax » az » o) with maximum speed and unperturbed density and temperature. The air found in 
(x z ) at t ■ t^ has bean displaced from its equilibrium position, P q( x 0 i z q\ by an amount equal 

to Ax (tj) - x ^ -x q> and A z (t,,) • 2 1 _Z C‘ From P Q P 1 th8 7SS f ° llowed an adiabatic transformation. 
Hence, T a fy —1) C ^, where T^ and are the normalized Eulerian changes of thn temperature and density 
of the gas. Since the atmosphere has been supposed to be initially isothermal, T^ - T^ and, consequently 
g 1 ■ - From Pg P^i the air expanded adiabatically (^ is negative), but its density still 

remained larger than the density of the air present at the new level in equilibrium conditions ( g > 0). 


2.2 Minor neutral constituents in tho 0 region. 

From P Q to , the air carried along its minor neutral constituents, in particular 0 f 3 P) and 0^. 

Let us suppose, for the moment, that the quantity of atonic oxygen and ozone present is constant, so 
that the new concentrations observed in are easily estimated as follows: 

I0( 3 P)J pi.tl ’ W(3p)3 Po.to X fl “ e i /fy '" ,)) ' l0(3p), P1,to x (1 + A z /H[0( 3 P)])(1"™) 


(5), 


(0 3 J p1(t1 - 10 3 ] pi to x (1 + Az/H[0 3 i ) (i- Q y / fy-1) ) ffi), 

Thn scale heights in the above equations have been estimatod to be: 

H C0( 3 P)1 - - 10Km (SHIMAZ'IKI and LAIRO, 1970), 

H CC 3 1 - 4 Km (SHIMAZAKI and 1AIR0 , 1970), 

for overhead sun, that is for the sun zenith angle, g , equal to zero. Therefore, the normalized chgrne 
in Of F) appears to be of the order of -5,51^ , and the normalized change in 0^ is approximately 

+ 2,5g^, provided 3uch minor constituents have a life time longer than a Quarter period of the gravity 

wavos. The atomic oxygen 0( 3 P) is at work in many reactions of aeronomic Interest (HUNT G.B., 1966 ; 

SHIMAZAKI and LAIRD, 1970). It can be produced in various ways, hut its main source is obotodissoriation 
of 0 , with a dissociation coefficient nf the order of 10^ 3~1 for overhead sun (SHIMAZAKI and LAIRD, 

1970) . In the height range under consideration, [ O^J « 10 1 ® - 1C' 15 cm -3 ancj (g (3p)J * lolO •- iqi 1 cm -3 ( 
hence correspondingly tne time constant is of the order of 10 3 - 10 s s. o( 3 P) can also be produced either 
by photodissociation of NO^, or by ionization followed by dissociation of NO, nr etc.., but the corresponding 
time constants ore much longer than 10 3 s. Another important source of atomic oxygen is the photodissnria- 
tion of O , with a dissociation coefficient as high as 10~ 2 sec , for overhead sun and above 60 km fSHTMA- 
ZAKI and LAIRO, 1970) . However, tO( 3 P)) / [ 0 J = 10 - 100 in the height rarrm 60-70 Km; heoce, dissociation 
of 0^ cannot appreciably change the total oxygen content on a time scale shorter than 100D s. In conclusion, 
when an internal gravity wave perturbs the atmosphere, the normalized change in 0( 3 P) can be simply 
computed from en.(5l il the nuarter neriud of the gravity wave is substantially shorter chan 1000 s. 

The situation may he rii fferant for 0 3 . Indeed, from eg. (6) it appears that t0 3 ] pl ^ should increase 
with respect to its enui librium value in P . However, as stated above, the time constant Jaar photodisso- 
ciation ot 0,^, t (0 3 ), * s the order nf 100 s above 60 Km for overhend sun: this value is appnoximntelv 
equal to the quarter neriud of the shortest oossihle internal gravity w. i. Hence, 0 3 must be always in 
photochemical enuilibrium with the other species. However, at middle and hinh latitudes, it will be seen 
that V fO ) substantially increases. For example, during winter, at 45° latitude, 60 Km height and noon 
local time f Q «f 0° 1 r fn ' ' 


rtf 













Consequently, even an interrnl gravity wave with a 2C min. nerinct la ahln to diapiad* 0 3 without effocti'iq 
the total 0^ content. In this caso too, normalized ohangss In 0^ can be eotlmatad from eq.(fl). 

’he behavior of other minoV neutral constituents will not be examined ham, since they do hot affect 
the electron balance in the height range considered. Even NO cusses tb be important in tnle respect fust 
below ‘70 Km. 

2.3 Electron density. I 

Several detailed schemes of electrons and ions balance have been published (FEHSENFF.LD F.C., et al c , 
1967; LELEVIF.R and BfWNSOOMR, I960; FITE W.L.„ 1969; FERGUSON EvE., 1$69; KEID G.C., 1970; FERGUSON E.E., 
1971 ). For the presentmolysis, the simplified 1 scheme of Fig.2 is adequate; it is very similar to the 
so-called two-ions model (AOAPS and MGGILL, 19671. In the height ranije 30-70 Km, two sub-regions charac¬ 
ter! zbO by different types of preponderant recombinetioh processes, am considered! 

- renion a , approximately above 60 Km, where nedatiue charges are lost mainly by recombination Df elec¬ 
trons with positive ion3; 

- renion p , approximately below 55 Km, where negative charges are lost mainly by recombination of nega¬ 
tive with positive ions. 

The two renionsi will be examined separately. It will be assumed that ions and electrons do not significantly 
diffuse In a time rom'-'arahle with one-quarter period of the gravity wave considered,' 

The inns err considered first. At 65 Km, in region a, tho production rate is token to be 0,05 cm 3 
s- 1 fvELTNOV P., 196R; FRANCEY R.V., 1970), the ion density is at least 300 cm” , hence, the time con¬ 
stant for positive ion gensjret^on is longer than 6000 s. At 90 Km, in region p , the production ratg 
is of tho order nf O.ti cm s , the positive and negative ion density is of the order of 3x10-* cm , 
henr.n, tho time constant is lunger than 6x1c) 1 * s . f COLE and PIERCE, 1965) . Therefore ' the ions follow 
the motion induced by the gravity waves without being significantly altei*ed by generation and destruction 
processes, if the gravity wove quarter period is shorter than the time constants Just computed. , 

For what concerns the electrons, 1 both theoretic (COLE and PIERCE, 1965) and experimental (M6CHTLY 
and SM^TH, I960) results seem to confirm that their density et, let us say, 65 Km, is of the order of 
30 cm . This implies a time constant of the order of 600 a. Consequently, when studying the change* 
oroduced in the electron 'tensity by a gravity wave with period of the order of 20 min. or less, [a ] 
can be easily evaluatod as follows: ' 91,tl 

18 >91,tl " tB J P1,to * ( 1+Az/H 8 ) * «i/(J’-l) ) (7). 


The electron density profiles can he expressed in term of H (z,t), the affective scale height. It is not 
uncommon to find H »*5 Km in region a(COLE end PIERCE, 1965® MECHTLY and SMITH, I960; REID G.C., 1970), 
Hrnce, norms M red changes ir, [ej can be estimated frtjm en.(?) to he of the order of -10 0^ . 

In region p , the electron density is very small and the electron life time is of the order of a 
second. Therefore, the electrons reach their equilibrium density vary nuickly. For example , at 50 Km 
the balance equation for elrrtrons is (see Fig.2) s ! 

Q - «f«l-ro 2 Mo # l - ^ xiojHn ( 3 p)j (a), 

where K_^ and K [1ot are thn attach_ment. and detach-ment coefficient respectively. Each of the terms In the 
r-i-rhfrOnnri-side of the phove equation is much 1 larger than 0, tho production rate. Therefore, the equili¬ 
brium density can be computed by simply equating attarh-ment and detachment, rand its percent change [a J 
comes out naual to : ; 1 

,,7 1-- tK att I 1- 3r °2 1 1 + ^det 1 1 +tnf3p,I 1 +ID 2" 3 1 fa). 


where tho parentheses indicate normalized changes of the bracketed Quantities, The coefficient K is 
weakly dependant, on temperature fPiEtPS A.V., 19691: K^ too is probably a weak function o r temperature, 
though a definite statement based cn exoerimental results cannot be made (PHELPS A.V., 1r69). Therefore, 
the temperature dependence.^ ffects of and K on l el will be_neglected. In 00.(9), 10 \ can te 

assumed enual to t 0( Pl^ can be%stima ted” from eo. f 3 Ir 0~ J Kgs rtiU to be ewiIuaied.As d is 

known, 0 is one minor constituent of the negative-ion family, since its life time is very short due 
to the fast conversion to 0 by collision with 0 . During the perturbotions induced by a gravity wave, 
this inn ran ranch it3 enuilibrium value that is:' ■ 


•I 0 Ml 1 


the coefficient for charge exchange. The temperature dependence of K^ is unknown 
1969), hut reaction rates for similar types of charge exchange hare been sho*n to be 
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3. Tt-E CROSS-MODULATION MEASUFEMENTS 

These experiments produce changes in amplitude (FE.JFR J.A., 1955; SMITH et el., 1955', In phase 
fFERRARO et el., 1963), and in Faradny natation i'RUMI G.C., I960) of a "wanted" wave as a result of t**a 
interaction with a “(11.81011:1011" wave. The height ranqo is measured by the delay between the transmission 
of the "disturbin'?" pulse and the arrival of the "sainted" pulse. The heirjht resolution is determined by 
the length, 1 , of the pulses. This implies that only acoustic-gravity waves with vertical wavelength 
longer than 1° could be detected. Furthermore, a lower limit on the horizontal wavelength of the acoustic- 
nrovity waves is placed by the dimensions of the first Fresnel zc.ne. 

The measured normalized Quantity, M, is proportional to (ej v ff*V v‘ T , where v is the electron- 
neutral collision frequency, T is the electron temperature assumed to he aauaf to the neutral air tempe¬ 
rature and f(v) is a complicated function, that can he written as f(y) s* * f , wt*re |*| SI. Thn collision 
freouency is proportional to , where Q is the elr density and 6 is a positive number, variyng from 

0.5 to 1, depending on the theoretic model (CROMPTON R.W. et al,, 1953; COU- and PIERCE, 1965) . Even 
different tyoes of experimental technioues seem to give not auits consistent values for 6 . Anyway fi and 
T change in opposite direction , at lea3£ under the action of the internal gravity raves considered in 
t^e previous section. Therefore, v end v T do not change appreciably, and cherries In M are apnrexi- 
matelyproportional to the normalized vsrlotions in[e], For different *«vi>3 or disturbances such that 
and T^ are not of opposite phase, the dependence of M on r T^ should be taken into account. 
Furthermore, in this case, whenever nmolitude meosurementsaro concerned , even changes in f( y ) could 
become quite important . Indeed, f[ * ' is a renidly varying function of y at the height where it goes 
through zero, that is approximately where the operating angular frequency equals 2.2 » (RIJMI G.C., 1962). 

Accordirr? to experimental evidence, most of the time the cross-modulation experiments are disturbed 
by spurious effects, of unknown origin, such os a modulation of the reference level with a period in the 
range of the acoustic 0 * - internal gmvitv waves. Thl* suggests that Such waves can indeed be detected. 

An example is reportod in Fig.3, adapted ’rom RIJMI G.C. fl966). T?«? parameters of the sxperlment were: 
"wanted” frequency - 3.335 MHz; disturbing freouency - 13.B66 MHz; pulse length ■» HTtyia; antenna beam -15°; 
plnre of the experiment: r/irnnll University, Ithaca, N.Y. ; height range « Eh Km. Fig.3 shows that; the 
intensity of crosu-moriulntion vnrind with a period of the order of 1 min. Only the shove qualitative 
interpretation is offered. The nuantitativn analysis of the data is not attempted, since, at Ed Km heiqht, 
eddies with characteristic dimension of the order of the "wanted" wevelongth can be present (ROCKER H.G., 
1956). It has been augmented fWJ?*! 3.'— , I960) that these eddies can he important in determining the level 
of the signal. Hor-evsr, no theoretic-0. analysis of thpt r effect has been performed. It is worth rmxsrtlm 
the* modularipa peri ode l oner than fi ye minutes have been observed. 



leal wavelength by ouickly 


Inly under particular conditions tlifc rny theory c n i,j applied . Sur h conditions are in fart v« 
- the prnrmation of the G.R.R. - 16 KHz signal on the link Rugby-To rim, with nirt-rvath re flan 
rst above Paris. At this freounnc.y, the ionosphere can be considered sharply hounded and the 
Lon level, z , durdm the dnv is in the neinhbnroood of TP Km ( RRACFWEI l R.N. at al., 1°5ll. Tl 
vise (ielav measured at the receiving station is the sum nf three factors: al th" path length, 
zslue of the refractive inr,ex below the reflection level, c) the phase, am ^,>1,1 , of the 
ion coefficient.«R B depends on fa parameters, the amle of incidence, A , and the nii*nt<tv 2 A 
















T 


For tun link FH/iby-Torino, p ft x is of the order of n.H 'nd 0. „ 75» (HlJf T G,f:., 1«7l ) . To n first 'innmxl- 
mation, it rnn bn interpreted that a nrnvity wave does not affect a ft M . but chanqep tbB heiqht of i-»flnr- 
tion. In qenural, for what concerns tV , end, consequently, fln it should bo noted that 0 

cherries only il the refractive index of the layer below the reflection lovtil chanqes. Howave-, fur the 
present case, no layer with refractive index suf."icientlv different fron non ,*ind tlrknons sufficiently 
Isrner thnn n wovelennth exists below zdurim daytime. Furthermore when 2/* x » P.8 end -> 16° the 
rhaso of the reflection coefficient is almost independent on # . Therefore, a nravltv wmvp cherries 
the phase delay of VLF waves only hy r.hanql'n the noomotry of the path, that is bv movinn the reflection 
level. Quantity is easily evaluated since + A z^/H^ " t B J neometrical confi.numt.ion it 

appears that thn nhasa nelav introduced hy a chanqn in z^ is aquAl to ?Az^. cos tfj/ c Q i wham c is thn 
velocity uf linht. A 1CW, dec-ease in fej causes a delay nf *-he order of tyis. It is tn°be noted ?hnt the 
precedinq discussion on ^ should be completely reviewed li tha reflectirn level is hinher tn«n 7fl km. 
Indeed, in this case, the layer below z^ may be sufficiently efficient in chamim ; furthoroore , 

2 fm at z ( may be lamer, and, consequently, in (yR c ) becomes very sensitive to rhannes in . 

In order to be seen an VL C phase records, qnavity woves should satisfy the followin'} conditions, 
fheir vertical wovelenoth should be lamer than tne penetration deoth of the VLF siqnal irr-to the reflectirrr 
layer, estimated to ho 1/4 of tha VLF iwivnlnnnth, that is 5 Km at 16 KHz. Their horizontal wnvelennth 
should he lnmer thnn the first Fresnel zone, that is c<f the order of 10P Km for the Ru'.hu-Torino link 
at 16 KHz. Theso two conditions imply that only internal brevity waves with period lorrror than 

approximately 10 min. cm be seen with this technique since internal wf.ves with shorter period will 
be reflected well helnw 70 Km (HINES G.O,, 19601. A type of possible "resonant” interaction may arise 
when the horizontal wovulomth of vhe brevity waves is half the VLF wavelemth. In this case too, chi mss 
on the VLF phase may be ov'ta larqe. No qunntltativ*analysis of such effects will be attempted hare. 

Fid.A tbroudh 7 show records of 16 KHz phase measurements on the Rudbv-Torino path. The distance 
between the two stations is llao Km., and the orientation of the path is 34« W of N. Fiq.zj nod 5 present 
wave-likq structures with perioraof the order of IS min. Even if the amplitudes are smalljof the order of 
1 - 2jis, these events are very noticeable since, durirrj the days examined, the phase stays constant wirhin 
much less thnn 0.5 ^za for many hours. Fiq.6 Qhows an example of 1 phase modulation by nn acoustic 7ra- 
vity wove with n peiiod of the order of 2 min. Notice that the amplitude of the wave is attenuated , but 
4 or 5 perioos can be auen. Finally,. Flq,7 shown a wev*-like structure with a 30 min. period du'lnq a 
mominq phase recovery. Records of the type presented do occur occasionally, they are not regular nr fre¬ 
quent. Indeed, au it apoeers from the previous discussion, only relatively laroe-amplitudb gravity waves 
may produce sensible chames in the phase delay of the slqnal. 

3. CONCLUSIONS. 

Gravity waves propaqatinq in tha lower ionesphern have been shown to enuse relatively lnrnn rh-mqes in 
electron density in the hoiqht rame 50-70 Km. In this way, the motion of the neutral atmosphere may be 
indirectly detected by electrtmmnetic techniques, ns crosiwiodulation or VLF propaqntion. Few experiments 1 
date have been presantod, supportirrj Qualitatively the theoretic conclusions. Even if it appears diffi¬ 
cult nor to precisely deduce the parameters of the qravity waves involved, it seems useful to utilize the 
quoted techniques with this aim. In particular VLF phase nod amplitude are available for mnnv different 
links, and should qive interestind informations without thn need rf any ad hoc equipment. 
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Fig.3 Cross modulation experiment data (after RUMI G.C., 1966) 
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OBSERVATIONS OF GRAVITY NAVES IN THE HIGHER ATMOSPHERE BY MANS 
OF METEOR TRAIN DETECTION 


by 
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Abstract 


Over 1000 individual values of neutral wind can be obtained daily, within the 75-105 
altitude ranp, with the meteor radar of C.N.E.T, (National 'enter for Studies on Telecomaunicatione), 
Data processing and harmonic analysis significantly exhibit progressive waves whose vertical propa¬ 
gation can be tracked owing to the accuracy in location due to the radar. The length of the measure¬ 
ment period (10 days) makes it possible to acquire data on the life duration of the gravity waves ob¬ 
served. 

C.H.E.T. has installed a meteor radar at Sens-Bi lujeu (b3°N), Returns from ionized traces 
produced by meteorites penetrating into the higher atmosphere are obtained. The radar is extremely 
sensitive (0,2 uV for a 10 4B signal/noiae ratio) and therefore can detect over 1000 meteor echoes 
daily. Owing to a novel device for measuring the distance between the radar and the meteor echo, and 
to the accurate determination (* 0,7°) of the elevatior uxl azimuth of this echo, the altitude can be 
determined within t 500 meters. 

The motions of the East-West component of the neutral wind within the 75-105 altitude range 
can be deduced from the Doppler effects on these echoes. Waves are thur exhibited, whose vertical 
propagation can be tracked since the altitude is known. Besides tidal motions, with periods ranging 
from 12 to 2b hours and over, shorter period oscillations are observed which can he compared to gra¬ 
vity waves. 

Up to 1969, measurement periods were of reduced duration (2-3 days), and only "instantaneous" 
gravity vavea could be observed. With automatized data processing, the duration of these periods was 
extended to 10 days ss soon as December 1969, thus permitting studies of the stability of the obser¬ 
ved motions. 

This paper surveys preliminary investigations on gravity waves observed from 20 April to 
30 April 1970. 
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Rysumy 

Le radar rrgtgorique du C.N.E.T. permet d'obtenir plus de 1000 valeurs individuelles de vent neutre 
par jour aux altitudes ccnprises entre 75 et 105 km. Aprds traitement des donn&es et analyse haxmonique, 
on net en evidence de facon significative des cndes progressives dent on peut suivre la propagation verti¬ 
cals grace 3 la precision de la localisation dOe au radar. La durfie des mesures (10 jours) permet de de¬ 
terminer quelques rfisultats sur la durfie de vie des codes de gravity observ6es. 


Le Centre National d'Etudes des T616ocntnunicaticns a implants un radar m£t£orique a Sens-Beauieu 
(43°N). II permet d'obtenir des ychos radar provenant des traces ionisGes cr46es par les mStSorites p6n§- 
trant dans la haute atmosphere. Ce radar a une grande sensibility (0,2uV) pour un rapport signaVbrult. 
de 10 dB) ce qui lui permet de dytecter plus de 1000 ychos m&tSoriques par jour. Un dispositif original 
de mesure de la distance entre le radar et l'6cho m&tyorique ainsi que la determination precise (t 0,7°) 
du site et de l'azlmut de oet 6cho permet d'obtenir unc definition de 1 'altitude 3 ± 500 metres. 

Eta frtudiant l'effet Doppler sur oes echos, on peut reoonstituer les mouvements de la Oorrposante 
Est-Ouest^ent neutre dans la game d'altitude comprise entre 75 km et 105 tan. Cn net alors en evidence 
des cndes dont on peut suivre la propagation verticale gr&ce 3 la oonnaissance de 1'altitude. On constate 
outre la presence de mouvements de marfe (pfiriode 12 heures et 24 heures) et de pSriode sup6rieure 3 
24 heures, 1'existence d'oscillations de pgriode plus oourte que peuvent Stre assimilSes 3 des cndes de 
gravity. 

Jusqu'en 1969, les cairpagnes de mesures avaient une dur£e rfiduite (2 3 3 jours), ce qui ne permet- 
tait que 1'observation "instantanye" des ondes de gravity. [IJ L'automatisation du traitement des donnyes 
a permis de porter la durye des caipagnes 3 10 jours dSs Dyoembre 1969, ce qui permet d'etudier la sta¬ 
bility dans le temps des mouvements observ6s. 

Get exposy reprysente un travail pryiiminaire d'6tales des ondes de gravity observyes du 20 Avril 
au 30 Avril 1970. 

I - TRATTEMENT DES DONNEES 

1) Le radar mytyorique du C.N.E.T. fonctionne 3 la fryquence de 3CMHz environ et les antennes 
d'fimission et de ryoeption sont dirigyes vers l'Est. Eta raison de la fryquence utilise, ces antennes sont 
assez peu directives (l'ouverture du faisoeau 3 3 dB est de 28° en azimut et de 30° er 3ite) .Ceci signifis 
que l'on observe des echos mfetyoriques dans un volone important (30 tan en altitude, 150 tan dans la direc¬ 
tion Est-Ouest, 80 km dans la direction Uord-Sud). Came la mesure du vent se fait par effet Doppler, on 
obtient en ryality la valeur de la oerposante radiale du vent qui peut Stre diff6rente de la vaieur de 
la oerposante E.O : l'erreur sur celle-ci peut at.teindre 10 m/*. Pour tralter les donnyes brutes, on est 
done oblige de faire certaines hypotheses. 

a) On traite les donnyes oomme si elles reprysentalent la oerposante E.O, Pour yviter d'introduire 
des erreurs trop importantes, on est ameny 3 yiiminer les 6chos trop ycartys de 1'axe des antennes. 

b) On nyglige les variations horizontales du vent dans le volume ytudiy. Ceci signifie que les 
mouvements de vent d'ychelle horizon tale lnfyrierure 3 200 tan seront ignores par 1' analyse. 

c) On suppose que le vent neutre aux altitudes consideryes est pratiquement horizontal. Ceci a 
montry thyoriquement pour les cndes de gravity de pyxiode supyrieurc 3 1 heure et expyrimentalanent 

d) On admet. que la mesure de vltesse obtenue est ygale 3 la vltesse de i'air neutre. 

Avec oes hypotheses, on obtient une s4rie de valeurs du vent dependant uniquemer.t de 1'altitude 
et du temps. 








2) Pour recanstituer les profils de vent, on veut calculer les valeurs sur un maillage r&julier 
en terrps et en altitude. Eli considerant qua l'erreur sur 1* altitude est de + 500 metres et que 
l'on se limite 3 1'etude des oscillations de pgriode sup6rieure 3 2 heures 30, an a fixe les pas 
du maillage respectivement 3 1 km et 10 im. Les profils de vers sont calculus par interpolation 
llnfiaire. Celle-ci est limitfie aux points (t Q ,z 0 ) tels que la valeur du vent en (t 0 ,z c ) ne soit 
pas entachSe d'une erreur supgrieure 3 10 m/s. Cette analyse agit ccrrme un future sur les oscil¬ 
lations de faible p€riode {< 3h.). La figure ci-oontre montre 1'attenuation d'une onde d'am¬ 
plitude u Q et de p£riode t, p represents le ncmbre d'echos par heure. On voi? que pour p = 20 
et t = 3 heures, on a 



3) Oi effectue alors une analyse harmonique du profil de vent alnsi obtenu 3 chaque altitude. On 
constate alors la presence d'une trfes forte carrposante de pferiode 12 heures correspond ant au 
ph6ncm6ne de marfie. Pour obtanir une precisian plus grande sur les codes de pferiode differentes, 
on est amenfi 3 retrancher la oomposante de pSriode 12 heures das valeurs experirren tales et 3 
effectuer une analyse harmonique sur le signal restarit. 

Pour obtenir une precision plus grands sur les codes de gravity, on pourrait avoir intfirSt 
3 effectuer 1'analyse harmonique sur une dur€e aussi grande que possible. Cependant, on verra que 
la dur6e de vie d'une onde de gravity est limltfee 3 3 jours en moyeruie et que de toutes fagons, 
la phase de ces ondes est assez peu stable dans le temps. Dan* ces conditions, il axiste une limi¬ 
tation physique 3 la valeur de la durfee de l'echantilion que l'on a fixSe 3 3 jours. 

II - Observation d'codes de gravity 

L'analyse harmonique d'un fichantillon de durfie 3 jours a €t6 effectufie 3 chaque altitude 
de z ocrprise entre 75 et 105 km et pour une sferie de valeurs equidistantes de la frequence 
allant de _i _ heure ^ 3 1 heure ^ par pas egal 3 



ofl T st la durfie de 1'Cellar tillon (T = 72h.). On represents chaque conposante par : 

7 (t,z) = v ( 2 ) sin ( 2nft + * (z» 

L'etude exp6rlmentale des valeurs v (z) et $ (z) du 20 au 30 Avrii 1970 conduit aux resul- 
tats suivants : 

Le spectre de puissance presente une s§rie de "pics" de forte anplitule, ce qui avait dej3 
et6 observe en 1965-66 [ 3 ] 

- A la frequence oorrespondante, cm constate fr6querment que 4 (z) varle lineairement avec z. 

On est alors en presence d'une onde progressive de longueur d'cmde 



Le plus souvent est positif (figure 1 a 4> .L'crude a done une vitesse de phase 

dirigfie vers le has. Plus d rarement <un cas sur dix), elle senfcle dirig^e vers le haut (fig.n°5 ). 
X est g6neralement comprise entre 10 et 40 km. 


Tests de validity 

Pour verifier qu'un "pic" du spectre de puissance des vents represent* une ende atmos- 
phferique de maniSre significative, nous avons utilise le test propose par SPIZZICHDJO qui 
consiste 3 calculer le spectre de puissance bidimensionnel S (f,k) du vent zonal u (t,z) 

S (f,1c) a, JL- JV i Z ° +Z u (t,z)e 2in(kz-ft, dz dtj 
oC T est la durfie de l'6chantillon et Z l'Spaisseur de la tranche d'altitude analyse. 


A toute crele atmcsphSrique correspond un maximum de S (f,k), Rficiproquement pour s'assurer 
qu'un pic correspond A une onde atmosphferique, on peut : 

- comparer l'anplituie de ce maximum A oeile du bruit ambiant et ne ccnsiddrer que les pics 
pour lesquels le rapport signal/bruit est supSrieur a 10. 


- cenparer la forme de S (f,k) auteur du maximum 3 celle de (f,k) qui resuite theori- 
quement d'une onde pure de frequence f et de nembre d'onde k Q . 


A max 


Les figures 6 et7 montrent des conparaisons entre le spectre experimental et le spectre th§orique 
pour- deux rales spectrales ctoservees. On voit que ces raies represented des endes de frequence 
et de longueur d'onde stable pendant la duree de 1'echantillon, e'est-a-dire pendant une ducee 
de 3 lours. 


Erreurs sur les caracterlstlques d'une onde de gravlte 

Pour estimer les erreurs au, A4 et Ak sur 1 'artplitude u (z) la phase $ l z) et le nembre 
d'orrie k d'une curie de gravity, an supposera que ♦ varie linSairement avec 1'altitude aux erreurs 
de mesure prSs 


(z) = 2n kz + 1 + A* (z) 

k et 1 peuvent Stre d6termin6es par une mfthode de regression lineaire, a condition de connaltre 
la loi de variation de A* en fonction de 1*altitude. Nous admettons que l'erreur a 'jne phase alS- 
a bo ire, d'oQ 

A) = Arc sin (—jp—) 

et que Au est, en pranlAre approximation, independant de 1'altitude. La methcrie de regression 
lineaire permet de determiner A* (z) et l'6quation preo6dente penrettra d'obtenir Au puisqu'on 
connait u (z). On trouve que la valeur quadratique moyenne de Au est 


On peut -oir d'autre part que si un point 4 (z) est trfcs eioigne de la droite (>90°) il 
correspond a une valeur u (z) inferieure a 2 m/s ce qui est une preuve experimental de la 
determination pr6o6dente. 

On explique ainai pourquoi la phase de l'onde de gravlte de la figure 5 presente des fluc¬ 
tuations par rapport a une variation lineaire. On voit en effet que l'anplitude de cette orrie 
est trfis petite. 
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D'autre part on sait que la variance de 1'estimation de k 


oCt N est le ncmbre c 'altitude oonsidferAes dans la regression linfeaire, z l'altitude mqyenne 
et o la variance de t (z). 


Avec 85 km 


105 km et a = 1 railan, on a : 


lib—" 


La variance de l.a longueur d'onde est donnSe par 
A1 = l 2 Ak 


On voit que plus X sir a grand, moins sa determination sera precise. Eh particulier une 
valeur de X supSrieure a 150 km ne peimettra plus de savoir dans quelle direction la phase de 
l'onde se propage. 

Autres cas observes 


On constate parfois que le spectre S (f,k) A la frequence f Q donnfie n'a pas la forme th§o- 
rique. Deux cas se presentment s 

a) II y a deux pics distincts j on peut interpreter le rfesultat obtenu acme la superposition 
de deux ondes de frequences egales ou proches, mais de longueur d’onde diff§rente (figure 8 ) 

b) On a m pic trds Glargi ; par rapport A la forme thfiorique. On peut interpreter ceci centre 
le resultat de la superposition d'au noins deux cedes de gravite de longueur d'onde proche. 

Dans ces conditions, ] a longueur d'orcle ne pourra Stre determin6e qu'avec une erreur plus grande 
que 1'erreur pr6o6denment calcuiee. (figure 9). 

Po uvolr s6parateu r 

On utilise la nftn.i definition qu'en opUque. On ne peut Sparer deux ondes de gravite que 
si les maximum d«ss spectres sont assez eioignes. La plus petite valeur Ak que l'on peut sSparer 
e 3 t telle que lorsque la valeur du spectre est maximum pour l'onde de ncmbre d'onde k, elle est 
noyee dans le bruit pour l'onde de ncmbre d'onde k + Ak (soit du maximum du spectre) . 

On en tire 

[ Sin nz Ak _I 2 _ _1_ 

nz Ax J 10 

soit Ak = _ 

Pour Z - 20 km, on a j Ak = km -1 J 


L'erreur dQe A la regression linftaire fttait de 1_ km 1 dans le cas oO le spectre S (f,k) 
fttalt celul d'une code pure. Lorsque ce n'est pas le lbJ ca.s, on sait qu'il y a plusieuxg ondes 
de gravity, mais leur determination pourra 6tre entAchGe d'une erreur atteignant —km . 

Les figures 9 et lOirontrent des exerples oO l'on peut Sparer les ondes de gravity et 
des cas oO e'est intosaible. 

existe une llmite Af telle que si la frequence de 2 ondes de gravid est InM- 
rleuie i af, cn ne peut plus les Sparer. 



oU T es; la p6riode de 1 'tchantillcn. 
Pour T = 72 heures Af = heurc 


ZVH 






HI - Stability da la lcncp < aur d'on d e def ondes de gravitg 


Pour gtudier la variation des ondes de gravitg au oours du terpe, on a effee-tug une sgrie 
d 1 analyses hamtoniquea sur des gchantillons de durge ggale A 3 jours. Cheque gchantillon est dfe- 
cal« d'un jour par rajport au prgogdant. Oi a obtenu ainsi 9 analyses harmaniques du 20 Avril 1970 
au 30 Avril 1970. Sur chacure d'ellea, cn a charchg A reoonnaitre les ondes de gravity en utilleant 
les entires dgfinis au dupitre prgo&dent. La pgrlode de oes endea a gtg dgterminge seulemmt par 
les maxlnw du spretre de poissanoi. 

On a est ling la dur**' de vie d'une onde de gravitg en charchant le nunbre d 'gchantilione sur 
lequel une onde d'une pgr lode dennge gtait prgsenta. On en a dgduit un histogram® dormant la 
large de vie en fonction du norbre d'gchantllions. 

On volt que tigs peu d'ondes sent prgsentes plus de 3 jours, oe qui confirms qu'il est 11- 
lusoire de faire des analyses harmonlques sur des pgrlodes supgrieures. 

On constate dans quelques cas particullers la prgsenoe de la rn&ne pgrlode pendant les 9 
pgrlodes gtudiges dans la canpagne. Pour caractgriser plus prgcisgment le phgnomAne observe, on 
a portg la longuuer d'onde associge A chaque pgrlode (lCh.40, 7h.20, 6h.OO, 4h.50). 

La barre d'erreur associge A chaque longueur d'onde a gtg calculge soit A partlr de la re¬ 
gression llngaire dans le cas d'une seule ende soit A partlr de la longueur du "pic" dans le cas 
de plusieurs codes de gravitg inseparables. 

Quand on oonsldgre Involution de la longueur d'onde au oours du temps, cn constate qu'elle 
presents d’inportantes fluctuations (figure 12.lS)5i on interprite oe fait en suppoeant que loxsque 
la longueur d'onde varie brusquetn nt, or n'a plus affaire A la mEme onde de gravitg, on est conduit 
A donner A oes ondes de gravitg une durge de vie plus oourte que oelle donnge dans l'hlstogranme 
de la figure 11 . Le tableau I donne le nomhre d'achantilions de 3 jours oO l’on constate la prg¬ 
senoe de la n»Y • onde. Or partant de oes donnges, on peut oonstruire un nouvel histogram® qui 
oorroapor 1 A la durge de vie d'une onde de gravitg du 20 au 30 Avril 1970.(figure 16) . 

Conclusion 

Cette gtude prgliroinalre reprgsente la premiSre tentative pour observer Involution au oours 
du tenps des ondes de gravitg A haute altitude. On a utilisg pour cela une canpagne d'observations 
continues de 10 joins, sur les 8 canpagnes serblables effectuges en 1970 d’autre part, cn s'est 
limltg souvent A des observations quallt itivea 1A oQ une gtude quantitatives syst&ratique serait 
A faire. Pour toutes ces raisons, les rgsultats dgcrits doivent 6tre oonsidgrgs cowne provisoires. 

On a oapendant pu mettre en gvldenoe une gtude de vie tnoyenne des ondes de gravitg A haute 
altitude, de l'ordre de 2 A 3 jours, avec plus rarement des ondes dent la durge de vie peut at- 
teindre 6 jours. II serait intgressant de caiparer ces ordres de grandeur A la durge de vie des 
phgnamgnes mgtgorologiques qui pourraient Stre une source (directs ou indirecte) des ondes de gra¬ 
vitg observges dans la haute atrrosphgre. 
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Fig. 1 F.rreur introduce par la m6thode d’analyse utilise. Ijl m£thode d’analyse utilise agit A la manure d’iin fi 
sans distorsion de phase, maisqui transmet (’amplitude avec un affaiblissement Uo/u 0 fonction 
de la piriode. Pour p > 15 les courbes de nSponse de ce filtre varient peu autour d’une courbe moyenne 


























Fig.ll Variation du nombre d’onde en fonction de I’echa:tillon. T = IOh 40 Avril 1970 Fig.12 Variation du nombre d’onde en fonction oe l’echantillon. 
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Fig. 13 Vanation du nombre d’onde en foncticm de 1’echantillon. T = 6h 00 Avril 1970 Fig.14 Variation 
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SOWAIRE 


Ob a uulyse an detail das donnSes obtenues de I96L A 1968 grace A ur. aoadeur (ou "Radar 11T") 
par retrodiffusion, A haute frequence at faisceau etroit, avec balayage an site at azimuth, situ* A 
Boulder, Colorado, Catta analyse a r£v£l£ que la "structure irrfigulidre" de I'ionosphAre aux latitu¬ 
des aoyeanes constitua la rigle g^nSrale plutfit qu'une exception, Dea irr6gularit6s d'anpleur at de 
aouv^ent apparent varied furent obseryfees dans environ 90 % des cas. Les "signatures" observes par 
ce Systire Radar HF ont (ti classtes en huit types g£n6riquea auxqueis on a attribuS dee nans qui 
dAcrivent appro ximativasent iaur aspect sur l'enregistrement du balayage en Bite et azimut, L'auteur 
examine la frequence d'apparition relative da ces signatures suivant le moment du jour et la saison, 
aiusi qua leur correlation avec le cycle qualitatif das taches solaires et le giomagnAtisme, 

Un type particulier de "signature" a (i .6 analyse grace A une trajectographie A trois dimen¬ 
sions, avec calculi sur ordinateur, mise au point A 1'ITS j on fit appal A das donntea axptrimanta- 
les pour modifier un modAle de perturbation causte par une onde de gravity atmosphtrique, L' "enre- 
gistrsaent de retrodiffusion syntbStique" s'av£ra assez proche de l'enregistrement experimental tf- 
fectui grace au Radar H7 pour justifier l'utilisation de cette methods dans 1'interpretation des don- 
neee de retrod!ffusion. 
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NARROW-BEAM HF RADAR INVESTIGATIONS OF 
Ml PLATITUDE IONOSPHERIC STRUCTURE AND MOTION 


Fobert D. Hunsucker * 
Geophysical Institute 
University of Alaska 
College, Alaska 99701 


mm. 


Oata acquired from 1964 - 1968 with a narrow-beam azimuth and elevation scan high-frequency back- 
scatter sounder (or "HF Radar") located at Boulder, Colorado, have been analyzed In detail. This analysis 
has revealed that the "Irregular structure" of the midlatitude Ionosphere is the rule rather than the ex¬ 
ception. Irregularities of varying scale size and apparent motion were present In about 90| of the obser¬ 
vations. The "signatures" observed by this HF Radar System have been categorized Into eight generic types 
which have been labelled with names roughly describing their appearance on the range-azimuth scan record. 
The relative diurnal and seasonal occurrence as well as the qualitative sunspot cycle and geomagnetic 
correlation of these signatures are presented. 

One particular type of "signature" was analyzed using a three-dimensional computer ray-tracing 
technique developed at ITS, utilizing experimental data to modify an atmospheric-gravity-wave disturbance 
model. The "synthetic backscatter record" was sufficiently similar to the experimental HF Radar record to 
Justify this approach In the interpretation of backscatter data. 


I. INTRODUCTION 

Many Investigators have utilized the HF backscatter technique to measure various parameters of the 
ionosphere, beginning In the early 1950's. Some of these investigators have been concerned with the 
characteristics (height, speed, direction of motion, and structure) of patches of sporadic-E ionization 
[VII lard, et al., 1952; Clark and Peterson, 1956; Shearman and Harwood, 1958; Harwood, I960, 1961; Bates, 
1961; Ouefto, 1962; Egan and Peterson, 1962; Steele, 1964; Bates, 1965]. Other investigators utilized the 
technique to ascertain Irregularity structure In the F-region [Villard and Paterson, 1952; Sllbersteln, 
1954; Shearman, 1956; Peterson, 1957; Wilkins and Shearman, 1957; Wlddel, 1957; Stein, 1958; Valverde, 

1958; Bates, 1959, 1961; Egan and Peterson, 1963; Ranzl and Dominlcl, 1963; Tveten, 1961; DueRo, 1963; 
Davis, et al., 1964; Wlckersham, 1964; Gilliland, 1965; Croft, 1967; Hunsucker and Tveten, ;967; Croft, 
1968], 

The purpose of this paper Is to present the results of observations of the midlatitude ionosphere 
using a narrow-beam high-frequency (HF) obi Ique-1nqldence backscatter sounder scannable In azimuth and 
elevation which has been developed at the Institute for Telecommunication Sciences in Boulder, Colorado. 
Except for the cases of direct backscatter from meteor and intense sporadic-E ionization and some F-region 
Irregularities, the data obtained are ground backscatter (gro:>ndscatter) "signatures". It is quite im¬ 
portant to emphasize the point that the cathodo-ray-tube (CRT) photographs displayed in this paper ere 
simply the "backscatter signatures" obtained by this particular system. In order to quantitatively de¬ 
scribe the actual ionospheric perturbations responsible for some of the more esoteric "signatures", It is 
necessary to use rather sophisticated analysis techniques. 

There are four or five backscatter sounding techniques which have been utilized to provide most of 
the observations of ionospheric phenomena reported in the literature. Each of these techniques are briefly 
described in Table I. 


II. EXPERIMENTAL RESULTS 

The Institute for Telecommunication Sciences (ITS) scan backscatter sounder (or "HF Radar") located 
near Boulder, Colorado, is unique in Its combination of narrow antenr.a beamwldths in the HF region, simul¬ 
taneous azimuth and elevation scan, and the ability to be repldly "stepped" through several frequencies 
during a scan period. Descriptions of some of the equipment parameters may be found In publications by 
FitzGerrell, et. al., [1966]; Hunsucker and Tveten [1967]; Tveten and Hunsucker [1969]; and Hunsucker [1970]. 
A more complete description of the entire system including airborne antenna measurements of the antenna 
radiation patterns wes published by Hunsucker [1969]. The system produces two fan beams, one scanning in 
azimuth and the other simultaneously scanning in elevation. The horizontal scan fan beam Is 2* -3° be¬ 
tween azimuthal half-power points, and the elevation scan beam 1$ 3° -4* between vertical half-power points 
for the frequencies used In this investigation. 

A picture of the receiving antenna system is shown in Figure I, and a block diagram of the receiving 
system basic electronics is shown In Figure 2. Table 2 lists the most Important parameters of the azimuth 
and elevation receiving systems, and Figure 3 shows the geographical area scanned by the azimuth array as 
a function of operating frequency. 

The backscatter film data discussed in this and following sections of this paper were obtained using 
the ITS Scan Backscatter Sounder during the period October, 1964, through June, 1968. Typically, the 
sounder was operated for I - 10 days per month during this period and it. took two minutes to acquire each 

* Formerly at the Institute for Telecommunication Sciences, Office of Telecommunication, Boulder, 
Colorado 80302. 
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. - Ionospheric Backscatte r Technique! 

Typical Antenna 
Ha If-power Beam- 

widths (degrees) Character!: 


Resolution 
In frequency 


data photograph. A complete azimuth and elevation scan takes 12 seconds, so each data photo Is an Inte¬ 
gration of 10 scans. The occurrence statistics in this section are based on analysis of 18,330 data 
photographs acquired starting near the minimum phase (sunspot Number *10) and ending near the maximum 
phase (SSN => 106) of Solar Cycle 20. 


An attempt has been made to categorize these signatures Into eight generic types which have been 
given names roughly describing their appearance on the range-azimuth record. Although the signatures 
being described apply to the aximuth scan record, the elevation scan data are also Included and both hav 
been di'.coved in detail by Hunsucker [1969]. 


A typical signature designated i 


a "patch" (P) is shown In Figure 5. It generally t 


could not be made; so the last two lines In Table 3 show a plus sign (+) for a positive association, 
minus sign (-) for negative association and a zero (0) for no association. 




The purpose of this section is to attempt to gain some insight Into the nature of the ionospheric 
Irregularities which produce certain "signatures" observed by this particular backscatter system. The 
approach used here is to analyze one of the characteristic signatures In considerable detail utilizing 
whatever other simultaneous geophysical data are available [Hunsucker, 1971 b]. 
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Figure 6 illustrate? the "Bands" signature and them Is considerable evidence that this type of 
signature is caused by travelIng-lonospberlc-dlsturhinces (TIOs) which are man IfestatIons of Internal 
atmospheric gravity waves (Nines, I960; Hunsucker and Tveten, 1967; Georges and Stephenson, 1969]. In 
particular, Georges and Stephenson [1969] use an ionospheric model perturbed by a gravity wave to simu¬ 
late a record with the "bands" signature. Ties have been Classified as "Very large, Med Ium-ScaIn, and 
Small-Scale" disturbances by Georges [1967], He list?: some of the characteristics of the "med i uitr scale 
TIO as: 

1. Always travel at speeds of less than 300m/sec. 

2. Have periods, 10 min <T< 60 min. 

3. Appear mainly In the daytime. 

k. Are not well correlated with any known 
geophysical events. 

5. Often appear as "trains". 

A backsr.atter "band observation at 1330 MST (2030 UT) on November 17, 1966, at a frequency of 
|7.l» MHz is chosen as the "signature" to be analyzed. This observation war, made during a relatively 
undisturbed day, geomagretleally. 

Vertical Incidence Ionospheric soundings were available during this period from stations at Ponca 
City, Oklahoma; Texarkana, Arkansas; and Springfield, Missouri -- all In the scan sector of the back- 
scatter sounder. The vertical tonograms from these stations at the time of the backscatter observation 
indicate that the ambient ionosphere was quite uniform over a large part of the scan sector. 













In order to determine the fixed frequencies'on the vertical Ionog ram which pertain to the Iono¬ 
spheric region where the backscatter sounder Indicates TIPs, the following technique was used, first, 
from the backscatter azimuth and elevation record at 2030 UT the.delay time end elevation angle were 
recorded. Next, these values of elevation angle and delay time were used as Input to a computer program 
developed et ITS to calculate secant * for curved earth, parabolic Ionospheric electron density distribu¬ 
tion. Or, alternatively e nomogram described In detail by Tveten and Hunsucker 11969] was used. This 
secant > value end the radar operating frequency were then used In the secant lay to obtain the appro¬ 
priate plasma frequency to ue scaled on the vertical ionosonde record. The values obtained (9.9, 8.0, 
and 9.0 MHc) were then the plasma frequencies corresponding to the locations of the lonosondes at Ponca 
City, Springfield and Texarkana respectively. In relation to the radar operating frequency. Tne back- 
scatter delays were measured at the appropriate azimuth angle for each Ionosonde location. The vertical 
line In Figure 7 Indicates the time Of the backscatter observation and the arrow at 1720 UT shows a mag¬ 
netic storm sudden commencement (SSC). Magnetograms from Pallas, Texas, were examined In detail and 
there was no correlation between the Ionospheric and magnetic date. 1 

Examination of the simultaneous backscatter observations and virtual height variations (Figure 7) 
reveals the following characteristics of this TIP signature: 

a. fhe TIDs appear In "‘trains" (from backscatter record) , 

b. The approximate horizontal TIP separation Is “225 km. 

(Estimated from backscatter record.) 

c. The periods range from -IS to 30 minutes (from Fig. 7)■ 

d. The vertical wavelength Is >-22S km (from Fig. 7). 

e. There !s no apparent correlation with magnetograph variations. , 

Comparing these observations with the "medium scale TIP" characteristics listed at the beginning 
of this section seelns to justify our working hypothesis that we are. Indeed, observing the medium scale 
TIPs. 

The ambient Ionosphere described earlier ir this section is new perturbed with the "medium scale" 
gravity wave model developed by Georges and ( Stephenson t1969] modified by the results of the experimental 
backscatter end vertical Incidence data obtained et 1330 MST November 17, 1966. Mathematically the com¬ 
plete model Is described by the equations [Georges and Stephenson, 1969, : p. 682] 

H - N„ (I ♦ V) 

V - dexp {-[(K-a e -Z o )/H']2)co» 2* [f - ^ ) 


R ■ distance from the center of the earth 
n » polar angle (|> - latitude) ( 

R e « radius of the earth 

*N q « the double Chapman layer described earlier 

*Z « height of maximum wave amplitude 1 

H’ - the wave amplitude "scale height" 

*4 - perturbation wave amplitude 

* horizontal wavelength 
*\ ■ vertical wavelength 

t 1 • time in wave periods 

The asterisks denote quantifies determined experimentally, and the remaining Quantities are obtained 
from the theoretical gravity wave model. The next step Is to carry our a three-dimensional (30) ray 
tracing through this model to obtain the "rayset" cards, which are then used in the backscvtter simulation 
program. 

Figure 8 shows the experimental azimuth scan record pn the left and the synthetic backscatter rec¬ 
ord from the 3D ray tracing and simulation on the right for 1330 MST on November 17, 1966. Before 
attempting a detailed comparison between the two records, several features of the experiments! iecord 
should be explained: (I) the vertical band near the center of the azimuth scan sector Is due to strong 
MF interference and will not, of course, appear on the synthetic record. (2) the receiver video gain 
was set. too high and consequently there were some saturation eFfects in the cathode-ray-tube and photo¬ 
graphic recording process. 

There are sone strong similarities between the two records: (1) f.hp "band" structure is at the 
same range of time delays In both records. (2) the orientation and curvature of the bands Is very sim¬ 
ilar (3) there are approximately the same number of bands in both records. 

The strong focused echo between 8 and 10 msec delay,in the experimental record does not appear In 1 
the synthetic record. From examination of several experimental azimuth and elevation scan records and 
evaluation of the experimental parameters. It appears that this echo, is .rost probably a combination of a 
gain saturation and an antenna sldelobe (equipment! effect. 
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In summary, triers are enough similarities between the experimental backscatter TID signature and 
the simulated record to suggest that this analytical approach is a valid one. However, In applying the 
ray-tracing simulation approach, one must always remember that the basic question of "uniqueness" re¬ 
mains unanswered. That Is to say, wl11 different ionospheric perturbation nodels produce essentially 
the tame simulated signature? 

An ever, more difficult problem Is the attempt to ascertain the nature of the source of the internal 
gravity waves that produce the TIDs. The difficulty of this problem Is Illustrated by the following 
crude entenna-array-factor analogy. One may roughly consider the source of the disturbances as a rad¬ 
iator of energy In the Internal gravity-wave mode which Is then multiplied by several antenna-array 
factors and finally convolved with the response characteristics of the pai;'.lcular observing system, as 
shown In figure 9. 

The energy sources of Internal gravity waves ere thought to be numerous and to vary in their loca¬ 
tion In altitude from the surface of the earth to ionospheric heights [Georges, 1968], but relatively 
nothing Is known about their polar diagrams, l.e. whether they radiate energy Isotropically or In a 
mu 111 -1obed manner. For sources located low In the atmosphere, the source polar diagram would have to be 
multiplied by array factor I, which describes the atmospheric wind structure existing at the time [c.f. 
Hines and Reddy, 196/]. Array factor 2 represents the ionospheric response to Internal gravity waves, 
which Is highly anisotropic, as has been showr. recently by Hooke [19701. Lastly, array factor 3 repre¬ 
sents the response character Ist les of the particular radio technique used to detect the TIDs (e.g., HF 
backscatter sounders, spaced lonosondes, Thomson scatter radar, Faraday rotation). Each of the various 
radio techniques will inherently be hlasod in such a way as to emphasize certain characteristics of the 
TIDs. 

The nrecedlng discussion Is only intended to portray some of the difficulties one encounters in 
attempting to gain Information on the ultimate source of the TIDs that are observed by radio methods. 


IV. CONCLUSIONS 

The specific results of ..his Investigation are: 

A. Based on examination of several thousand frames of data obtained with the ITS HF Radar, it Is 
apparent that the "Irregular-structure" of the midlatitude Ionosphere is the rule rather than the ex¬ 
ception. That is to say. Irregularities exhibiting a wide variation in size and lifetime are observed 
most of ths time. The "uniform" backscatter signature mentioned In Table 3 was only observed approx¬ 
imately 6i of the time during an observing period of several years spanning over one-half of a sunspot 
cycle. This midlatitude ionosphere "irregular-structure" Is largely "washed out" when one sounds the 
Ionosphere with the wide antenna beams used in most bacl.sca’ler sounding techniques. 

B. In compiling an "atlas" of midlatitude backscatter "signatures" observed with the ITS/ESSA 
high resolution HF radar, the signatures have been categorized Into eight generic types which have been 
labelled with names roughly describing their appearance on the range-azImufh record. Examination of 
several thousand frames of data has revealed that over 901 of the signatures fall Into these eight class¬ 
ifications or their various combinations and permutations. 

C. Ore particular type of signature, the "bands" illustrated in Figure 6 has the characteristics 
of the "medium-scale" TID in Georges' [1966] classification scheme. If one assumes his medium-scale 
gravity-wave TID model and utilizes experimental data to construct the model und define the ambient iono¬ 
sphere, then perform x 3D ray-tracing and backscatter slmulat'un computer analysis, a synthetic back¬ 
scatter record Is obtained. There are enough similarities between the experimental TID signature and 
the simulated record to justify the use of this approach In the analysis of backscatter data. 


V. ACKNOWLEDGEMENTS 

Many people at the Institute for Telecommunication Sciences have contributed significantly to the 
development of this unique and sophisticated HF Radar instrumentation system. It is impossible to 
acknowledge the contribution of each individual, but I would Ilk* to express sincere thanks to: 

Mr. Lowell H. Tveten, who directed the HF ionospheric Radar Program for seveial years; to Messrs. L. L. 
Helanson, G. E. Wasson, A. R. Mitz, D. C. Whittaker and J. I.. Valega for developing, maintaining and 














24-7 


VI. REFERENCES 

bates, H. F. (1959) i The height of F-layer I rregular I elet In the Arctic Ionosphere, J. Geophys. Res.. 64. 
1257*1264. (See also correction, J. Geophys. Res. 65(4) . 1304, I960.) 

Rates, H. F. (1961), Tha slant-E Echo -- a high frequency auroral acho, J . Geophys. Res ■, 66, 447*45 4. 

Betas, H. F. (I960, An HF sweep frequency study of the Arctic Ionosphere, Scl. Report No. I, UAG-RI15. 
Geophysical Institute, University of Alaska, College, Alaska. 

Bates, H. F. (1965), Sc.ne effects of dense E clouds on hlgh-latitude HF backscatter observations, 

J. Geophys. Ras., 70. SB95-5905. * 

Clark, C. and A. H. Peterson (1956), Notion of sporadIc-E patches determined from high-frequency back¬ 
scatter records, Nature 178, 686-487. 

Croft, T. A. (196/), Computations of HF ground backscatter amplitude, Radio Scl. (New Series) 2, 739‘746. 

Croft, T. A. (1968), The Influence of Ionospheric Irregularities on sweep-frequency backscatter, 

J . Atmospheric Terr, Phys., 30, 1051-1063. 

Davis, J. R., W. C. Headrick, and J. L. Ahcern (1964), A HF backscatter study of solar eclipse effects 
on the Ionosphere, J. Geophys. R«s., 69. 190-193- 

Duello, B. (1962), Sporadlc-E *s observed from Hayaguez, Puerto Rico by backscatter sounder. Ionospheric 
Sp oradlc-E, ed. by E. K. Smith, Jr., and S. Matsushita, pp. 110-122, Pergamon Press. 

Dueflo, B. (1963), Interpretation of some sweep-frequency backscatter echoes, J. Geophys. Res., 68, 
3603-3610. 

Egan, R. C., and A. H. Paterson (1962), Backscatter observations of sporadlc.-E, Ionospheric Sporadlc-E. 
ed. by E. K. Smith, Jr., and S. Matsushita, pp. 89*109, Pergamon Press. 

Egan, K. 0., and A. M. Peterson (1963), The Influence of sudden ionospheric disturbances on backscatter 
sourding. The Effect of Disturbances of Solar Origin on Communications, ed, by G. J. Gassntann, 
AGAROograph 59. PP- 155*165, Macmillan. 

FltzGerrell, R. G., L. 1. Proctor and A. C. Wilson (1966), An HF antenna array electronically scanned In 
elevation, ESSA Tech. Rept. IER ll-ITSA II. Clearinghouse for Federal Scientific and Technical 
Information, JprTngfleld, ifa. 22151, Acc. No, A0 645233- 

Georges, T. M. (1967), Ionospheric effects of atmospheric waves, ESSA Tech. Rept. IER 57-ITSA 54 , U.S. 
Govt. Printing Office, Washington, O.C. 20402. 

Georges, T. M. [Editor] (1968), Acoustic-gravity waves in the atmosphere - Symposium Proceedings , 
pp. 1-215, 15-17, U.S. Government Printing Office, Washington,0.£. 70402. 

Georges, T. M., end Judith J. Stephenson (1969), HF radar signatures of traveling ionospheric Irregular¬ 
ities -- 30 ray-tracing simulation. Radio Science 4 (8) . 

Gilliland, C. R. (1965), Sweep-frequency backscatter with calibrated amplitude, Rep. SU-SEL-65-095 , 

Tech. Rept. 111 . Electronics Laboratories, Stanford University. 

Harwood, J. (I960), A pralimlnarv report on observations of $por«dic-E by the backscatter technique, 

Some Ionospheric Results obtained during the IC Y, ed. by W. G. Beynon, pp. 231-238, URSI/AGI 
Committee Symposium, Elsevier. 

Harwood, J. (1961), Some obseivations of the occurrence and movement of sporadic-E ionization, 

J. Atmospheric Terr. Phys., 20 . 243*262 

Hines, C. 0. (I960;, Internal atmospheric gravity waves at Ionospheric heights. Cun. J. Phys. 3 8. 123-129. 

Hinas, C. 0. and C. A. Reddy (1967), On the propagitlon of atmospheric gravity waves through regions of 
wind shear, J. Geophys. Res., 72 . 1015-1034. 

Hooke, William H. (1970), The ionospheric response to Internal gravity wav-ss, 1. The F2 response, 

J. Geophys. Res,, 75 . 5535 5544. 

Hunsucker, R. D., and L. H. Tve-en (1967), Large traveling disturbances observed at mid-latitude 

utilizing tha high resolution HF backscatter technique. J. Atmospheric, and Terrest. Phys.. 29. 
909-916. --— 

Hunsucker, Robert Dudley (1969), Remote sensing of the midlatitude ionosphere with a narrow-beam high- 
frequency radar, fh.D. Dissertation , University of Colorado, Boulder, Colorado. (Available from 
University Microfilms, Ann Arbor, Mich.). 

Hunsucker, Robert D. (1970), An atlas of ob 11 que-1 nc I dieoce high-frequency backscatter lonogrsms of the 
midlatitude ionosphere, ESSA lech. Rept. ERL 162-ITS-104 , U.S. Govt. Printing Office, Washington, 

D.C. 20402 


317 






248 


Hunsucker, Robert 0. (1971a), Characteristic signatures of the midlatitude Ionosphere observod with a 
narrow-beam HF backseat ter sounder, Radio Science, 5. No. 5 . • 

Hunsucker, Robert 0. (1971b), Analysis of a backscatter signature obtained with a hlgh-rasolutIon HF 
radar system, Radio Science, 6, Nos. 8/9, 763*768. 

Jones, R. M. (1966), A three-dimensional ray tracing computer program, Tech. Rept. IER 17-ITSA 17 . 

Clearinghouse for Federal Scientific and Technical Information, Springfield, Va., Acct. No. PB174502. 

Peterson, A. M. (1951), The mechanism of F-layer propagated backscatter echoes, J. Gaophys. Res., 56 . 
221-237. 

Peterson, A. H., (1957). Ionospheric backscatter. In Annals of the IGY III, Part IV . pp. 361*381, 

Pergamon Press. 

Peterson, A. M., R. 0. Egan and D. S. Pratt (1959), The IGY three-frequency backscatter sounder, 

Proc. IRE, 47 . 300-314. 

Ranzi, I., and P. Oomfnici (1963), Backscatter sounding during Ionosphere storms, in The Effect of 

Disturbances of Solar Origin on Communications, ed. by G. J. Gassmann, AGARDoqraph 99 . pp. I A3-154, 
Macmillan. 

Shearman, E. D. R. (1955). The technique of Ionospheric Investigation using ground backscatter, Proc. IEE. 
I03B . 210-221. 

Shearman, E. D. R., and J. Harwood (1958), Sporadlc-E as observed by backscatter techniques in the Uni'ed 
Kingdom, In Sporadlc-E Ionization, ed. by B. Landmark, AGARDoqraph 34 , pp. 111-128. 

Silbersteln, R. (I95 1 *) . Sweep-frequency backscatter — some observations and deductions. IRE Trans. Ant. 
Prop., AP-2 , 56-63. 

Steele, J. G. (196k), The effect of the ground backscatter coefficient on observations of sporadic-E 
over sea, land and mountains, J. Atmospheric Terr. Phys., 26, 322-324. 

Stein, S. (1958), The role of Ionospheric layer tilts In long-range high frequency radio propagation, 

J. Geophys. Res., 63 . 217-241. 

Stephenson, Judith J., and T. M. Georges (1969), Computer routines for synthesizing ground-backscatter 
from three-dimensional raysets, ESSA Tech. Rept. ERL 120-ITS 84 . U.S. Govt. Printing Office, 
Washington, O.C. 20402. " 

Tveten, L. H. (I96I), Ionospheric motions observed with hlqh-frequency backscatter sounders, J. of Res. 

NBS 650 , 115*127. 

Tveten, L. H., J. C. Blair, R. 0. Hunsucker, L. L. Melanson, H. G. Muller, W. B. Schlak, Jr., W. J. 

Surtees and J. M. Watts (1966), Propagation studies for RFD, Vol. II, High frequency backscatter 
studies, Tech. Rept. No. RADC-TR-66-43I ■ 

Tveten, Lowell H., and Robert D. Hunsucker (1969), Remote sensing of the terrestrial environment with an 
HF radio high-resolutlon azimuth and elevation scan system, Proc. IEEE, 57 . No. (4), 487*493. 

Valverde, J. F. (1958), Motions of large-scale travelling disturbances determined from high-frequency 
backscatter and vertical incidence records. Sc I■ Rept. No. I . Electronics Research Laboratories, 
Stanford University. 

Vlllard, 0. G., Jr., A. M. Peterson, and L. A. Hanning (1952), A method for studying sporadlc-E clouds 
at a distance, Proc. IRE, 40 . 992*994. 

Vlllard, 0. G., Jr., and A. M. Peterson (1952), Scatter-sounding: A technique for study of the Iono¬ 
sphere at a distance, IRE Trans. Ant. Propagation, PGAP-3 , 186-201. 

Wlckersham, A. F. Jr., (1964), Identification of ionospheric motions, detected by the high-frequency 
backscatterIng technique, J. Geophys. Res., 69 , 457*463. 

Wlddel, H. V. (I95Z). Beobnchtungen an ruckgestrevten Echoes bel Kurzwellen-Fernubertragung, Arklv der 
Elektrlschen Ubertraqung, II , 429-439. 

Wilkins, A. F., and E. 0. R. Shearman (1957), Backscatter sounding: an aid to radio propagation studies 
J. Brit. IEE. Instn, Radio Engrs., 17 (11) ■ 601-616. 


318 





king antenna located at ITS Table Mountain Field Sit< 




































GROUP DELAY,MS EC 


24-1 2 












AN IMPORTANT CHARACTERISTIC OF SOME 
TRAVELING IONOSPHERIC DISTURBANCES 

by 

I.Ranzi and P.Giorgi 

Centro Radioelettrico Sperimentale “G.Marconi” 
V.Trastevere 189,00100-Roma-Italy 


25 


I WE CARACTERISTIQUE IMPORTANT E DE QUELOUES PERTURBATIONS 
IONOSPHERIQUES ITINERANTES 
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SOM4AIRE 


I,'observation del PII d'hirer de la region *2 en londage vertical i frCquence fixe 
■ontrt qua 1'instant d*apparitioa dee PII de certain! groupei arangait de jour en jour. 
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"G. Marconi" 

V. Traetevere 189,00100-Roma-Italy 
SUMMARY 

The observation of the F2 region winter TIDs, by means of vertical sounding on a fixed 
frequency, showed that the occurrence time of some TID groups anticipates from day to day. 


1. EXPERIMENTAL RESULTS 

During the last four winters, the observation of large scale traveling disturbances 
(TIDs) in the P2 region was carried cut in the experimental station of Torreohiaruocia, 
near Rome (lat. 42.03° N, long. 11.84° E), by means of contemporary backscatter sounding 
on 18.6 MHz and vertical sounding on 6.8 MHz. Furthermore, during some months, a vertical 
sounding on 6.7 MHz was carried out at Pontecohio Marconi, near Bologna (lat. 44.4° N, 
long. 11.2° E), at a distance of 265 km from Torreahiaruccia, in the direction of 10° 
from North to West . The time delay between the passages of a given TID group (direoted 
towards the equator), over the two stations presented a maximum value of about 30 minutes, 
which corresponds to a speed of 530 km/hr along the great oirole passing through the two 
stations; an example is reported in Fig.1. 

The vertical sounding records, taken at the main station of Torrbchiaruocia, showed 
that, during the daily hours, the TIDs generally appear as a sequence of two or more 
oscillations in the virtual reflection height or a sequence of some focusing effects, 
which are particularly well visible in the second echoes; the period of each osoillation 
is of the order of one hour; furthermore, these more intense TIDs appear in groups of 
days, separated by days of reduced activity. 

But the more interesting characteristic we observed in many oases is that the TID 
sequences show a day-to-day anticipation in their occurrence time; an example is reported 
in Fig.2. During winter 1971-1972, the periods during which such a phenomenon was 
observed were the following: 19,20 and 21 Nov ; 23 and 24 Nov ; 29,30 Nov and 1 Dec ; 

6,7 and 8 Deo ; 20,21 and 22 Dec ; 23,24 and 25 Deo ; 27,28 and 29 Deo ; 5,6 and 7 dan ; 
12,13 and 14 Jan . A remarkable similarity of structure was showed by the TID trains 
ooourring in the various dayB of a given period. 


2. A TENTATIVE EXPLANATION 

If the observed TIDs were due to gravity waves generated in the lower atmosphere, 
the propagation of these waves to the F-region should depend on the direction and the 
intensity of the tidal winds at the lower ionospheric levels, which produoe a filtering 
action; in the case of a moving source of the gravity waves, the time, on whioli such a 
propagation is allowed, should show a day-to-day change (+). 


(+) we are 


indebted to Dr. C. 0. Hines for the suggestion of this interpretation. 






Fig.2 The TID group first appearing on the afternoon of December 6, 1971, is seen eariier on the two following days. 
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PERTURBATIONS IONOSPHERIQUES CAUSEES PAR DES ONDES SONORES A PERlODE 
UNGUE ENGENDCIEES PAR EES lANCBtiNTS DE SATOWNE-APOIIO 


par 

G.L, Rao 


SOMURE 


De* perturbations cm foroe d'ondes furent observes dsns 1'ioncsphAre s 1* suite de plusieurs 
expioeion* nuclSaires, au dAbut dee annSes 6o« Lea ondes de choc supersoniques crAfes dans I'atmo- 
»phire par de* fusAes de griuides dimensions peuvent egslement donner nuiaaance a das perturbations de 
deniitS d'Slectron* dans 1'ionosphere. A l'occasion des lancementn de Daturne-Apollo 12 et 13. on a 
utilisS un rAseau d'obserration doppler de trajets de phase et enregistrA des dAylacements de'frequence 
doppler dus six lanceoents des fusees, Des analyses de densitS spectrale et dci inter-corrAlationo des 
enregistreaents de rariation de frAquence doppler rAvAlercnt les vitesses de phase d’arrivSe de signaux 
qui provenaient du Bud du rSseau, avec TOO-flOO a/s, et correspondaient A des pSriodes de I'ordre de 
2 A b minutes. Den ioncgramaes effectuSs toutes les 6o secondes 1 partir de. lies Wallops mirent elai- 
raaent en Avidenee des perturbations ionosphAriques dues sux fusSes, line analyue de hauteur rAeile des 
ionogrsjutes indiqua qu e les ondulnti one affectant les densitAs Alectroniquer 4 diverges hauteurs avaient 
une pSriode de 2 A b minutes. On eetima A b50 m/s environ les vitesses de groups, o’lteu’.ies a partir des 
premiAre* pert urinations visibles obeervSes uur lea enregistreaents dopplei e:i ondes entretenuss et les 
ionogrsates, et i partir dos dnunAes relatives A la trajectoires de la fisGe, On pout expliquer ces ar- 
rivAe* de signaux coame un effet de guide d'ondes dans lequel le eon est rAfXAchi dens oa totalite a 
partir de la thermosphere par la courbure des rayons, et entiArement (ou presque entiAreawnt) rAflAchi 
A partir de la mAsoaphAre sous-jaeente du fait des gradients de densitA plus A.’.evAs, et, par consAquent, 
de 1*augmentation de la frequence de coupure acoustique, Ainsi, le son et, par consiquent, la pert’irba 
tiora, eet canalisA au voisinage de la nAsopause et de la basse thennosphAre, 
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SUMMARY 


Wavelike disturbances were observed in the ionosphere following several nuclear explosions In early 1960's. Super¬ 
sonic shock waves within the atmosphere generated by large rockets can cause ionospheric electron density perturbations. 

A CW phase path doppler array in the New York area was opeitited during the Saturn-Apollo 12 and 13 launches and racorded 
doppler frequenc/ fluctuations due to rocket launchings. Cress correlation and power spectral analyses of the phase path- 
path doppler frequency variation records showed that the phase velocities of the signal arrivals were from South of the array 
with 700 - 800 m. jec."* corresponding to periods in the -onge of 2 - 4 minutes, lonograms taken every 60 seconds from 
Wallops {.lands showed clearly ionospheric disturbances due to rockets. True height analysis of the iomgrams showed that 
the undulations in electron densities at various heights has a period of 2 - 4 minutes. The group velocities were estimated 
to be of the order of 450 m. sec. * obtained from the earliest visible disturbances seen on CW phase path doppler records 
and lonograms together with the rocket trajectory data. It may be possible to explain these arrivals of signals in Terms of 
wave guide effect in which sound is totclly reflected from the thermosphere by the bending back of rays, and is totally (or 
almost totally) reflected from the underlying mesosphere because of stronger density gradients and consequent increase in 
the acoustic cut off frequency. Thus, the sound and, hence, the disturbance is channeled near the mesopause and the 
lower thermosphere. 

I. INTRODUCTION 

Wave like disturbances were observed in the ionosphere following several nuclear explosions in the early 1960's. 

Baker (1968) detected these ionospheric distu'bpnces due to atmospheric nuclear explosions at 150 - 200 k-n altitude with 
periods of one minute and speeds 300 m. sec.* . Tire periods and propagation characteristics of the ionospharic disturbances 
were found to be essentially the same as those observed on the ground. Bake, (1968) interpreted thern ionospheric disturb¬ 
ances as manifestations of imperfectly ducted acoustic gravity waves. Acoustic signals which can propagate long distances 
(of the order of thousand kilometers) fioni large rockets were also detected and reported (Donn ct ol., 1968). 

Supersonic shockwaves within the atmosphere generated by large rockets con cJuse ionospheric electron density varia¬ 
tions. Ionospheric variations due to Saturn-Apollo launches were noticed fitm the ionogrems taken at Grand Bahama Islands 
(Fshr, 1968). Disturbances on Grand Bahama Island ionograms were observed for a period rf almost two hours after the 
launch of Saturn-Apollo rocket, These disturbances first uppeored as a kink on the ionogram which appeared to have traveled 
downward. Disturbances such as these were also obeen'ed by Golomb et al. (1963) during high altitude chemical release 
experiments. In thi. paper, ionospheric perturbations caused by Saturn-Apollo rocket launching* wore detected by using 
CW doppler array and conventional ionosonde and interpreted us long period sound wuves. 

II. CW DOPPLER ARRAY 

Ionospheric observations were made "sing an array of CW doppler sounders ond an ionosonde. The CW doppler system 
was built similar to Davies’ system (Davies, 1962; Davies and Baker, 1969). A significant difference between Davies system 
and our system is in ths presentation of data. In our system, the doppler signal was digitized aqd stored in digital magnetic 
tape, whereas in the Davies system, the signal was recorded in analog form. The digital foim of recording of data allows 
the use of digital processing techniques such as cross correlation, digital filtering, power and cross spectral analyses. The 
doppler technique is very sensitivu to phase path changes and the sensitivity in its present stare of development is about 0.1 
Hz, that is, phase path changes as small as 1/10 of a radiowave length per second can be measured. At 4 MHz, this 
corresponds to dp/dt « 7.5 m. sec. - . The geographic location of the CW doppler sounder system is shown in Figure 1. 

Two CW transmitters operating ot 4.8 MHz and 6 MHz were continuously monitored by the receivers located at Catskill, 
Thornhurst, Lebanon nnd Westwood. The receiver outputs were digitized and transmitted by telephone lines to the central 
station, Westwood, for storage on magnetic tape. The data stored on the magnetic tape was later subjected to analysis for 
furthe, study. 
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Hi.. OBSERVATIONS AND RESULTS 

Th<i CW doppler array vwn in operation at Westwood, New Jentey, during the launch#* of Saturn-Apollo 12 and 13 
rockets, .These rocket launching* produced ionospheric perturbation* which were successfully detected using our CW doppler 
array (Tolstoy, Montes, Rao, and Willis, 1970)'. Figure 2 show* the CW doppler record for Saturn-Apollo .12 launch art 
November 14, 1969. The CW doppler data for Lebanon arid Thomhurst immediately before the signal arrival between the 
time windows 1100 to 1220 EST was subjected to cross spectral analysis to study the background noise coherence as shown in 
Figure 3. It can be seen from Figure 3 that the background noise cohoronc# is rather poor in the entire period band and re¬ 
mained less than 0.2. Cross spectral analysis between several station pair* during the time of signal interval 1220-1340 EST 
wns adopted to find the dominant periods. The results of the cross spectral analysis are presented in Figures 4, 5, and 6.: It 
can be seen from the figures that during the time window 12^0—1340 EST, there is a concentration of energy in the period band 
1 to 5 minutes and ‘n alt station pairs the coherency remained over 0.75. The CW doppler data was then filtered, using a 
bandpass filter of 1 to 5.02 minutes and the respiting plots for Apollo 12 and 13 are shown Ir. Figures 7 and 8. 

Crosj correlation analysis between station pairs was used for Apollo 12 CW doppier data to compute the phase veloci¬ 
ties of the signal arrivals. The results of the analysis are shown in Table 1. The overage phase velocity was found io be 
700-800 m. sec - * coming from south of the drray. The variations in the phase velocities during the signal may be due to the 
nature of the source, which is a supersonic disturbance moving in both horizontal and vertical dimensions. Also, there are 
rom# inherent experimental errors due to the obliquity of the received radio waves. The opparent direction of signal arrival 
intersects the ground level projection of the trajectory at a point approximately 30.7 °N, 72.8 °W. The approximate alti¬ 
tude of the vehicle at this point was about 160 km. The group velocities of the signal arrival were estimated by using begin- . 
ning and ending time* of the recorded disturbance together with the trajectory data. This gave group velocities between 
450 and 220 m. sec” *. 

An ionosonde was in operation at Waiiops Island, Va., during Apollo 12 launch and the ionograms were taken every i 
minute immediately after launch for a period of two hours. These ioncgrams were examined to detect any disturbances 
caused by the Saturn rocket. It was found that a kink on the ionogfam near the ordinary Fo layer critical frequency appeared 
which slowly moved downward and finally merged into F2 layer ordinary trace. Several additional stratifications (traces) 
were also noticed all over the Fo region indicating the disturbed nature of the ionosphere. The ionograms were then subjected 
to true height analysis to study the electron density fluctuation; due to the Saturn rocket. Electron density variations at 
various heights at 10 km interval were plotted against local rime and the plot is shown in Figure 9, It can be seen from the 
figure that the undulations in electron density ct various heights has a period of 2-4 minutes. It might be of interest to note 
that the maximum effect on the ionosphere by the rocket'was felt around 1218 hours. If the distance between Wallops Island 
and grqund range of rockets when in F2 region was taken epproximutely as 1000 km, then the group velocity of the arrival 
of the signal to ionospheric levels over Wallops Island wes of the order of 45Q m. sec - *. Tolstoy et al. (19>0) tried to ex¬ 
plain the signal arrivals with group velocities 450 m. sec - * corresponding to periods in the range TwTminutes and the hori" 
zontal phase velocities near 800 m, sec - *, in terms of wave guide effect in which sound is totally reflected f-om the ther¬ 
mosphere by bending back of rays, and sound is totally (or almost totally) reflected from live underlying mesosphere because 
of stronger density gradients and the consequent increase .'n the acoustic cutoff frequency. Thuslthe disturbance 1 is channeled 
near the mesopause and the lower thermosphere. 
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Fig.5 Cross spectral plots of CW doppler signal between Lebanon Fig.6 Cross spectral plots of CW doppler signal between Catskill 
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Fig.7 The 1.0 - 5.0 minute band pass filtered CW doppler record showing Saturn-Apollo 12 signal. 
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OBSERVATIONS DE PERTURBATIONS IONOSPUERIOUES ITINERANTS EFFECTUEES 
A LONDRES (CANADA) 


par 

J, Litva 


SOMA I PE 


L'auteur rend ccmpte de certnines observations de perturbations ionosphiriques itinSrantes 
(Fils) effectuSea a Londrec (Canada), Pour procgder & ces observations, on a eu roccurs a une nou- 
vslle technique, decrite en detail, et qui conciste a meaurer l'angle d'arrivge et les variations 
d'amplitude des ondes radio ae propageant 4 travers 1'ionosphere a partir de regions localises 
d'emission accrue sur le disque Bolaire, Un examen des observations antgrieures indique uu maximum 
de quatre cycles d'ondes dans les trains d'ondes des Pile, Les observations dont il est rendu compte 
iei rgv4lent clairement la prfsence de trains d'ondas de PIls jusqu'4 quatre fois plus longs, et 
comportant de 15 4 18 cycles d'ondes, D'apres les mesures effectuges, les deflexions angulaires de 
la ligne de vis£e solaire a 51,7 MZz varient de t 6 4 * 20 minutes d'arc ( sur la base de ces chif- 
fres, on calcule que les perturbations de density d'glectrons aont de l'ordre de 1 4 2 %, Les varia¬ 
tions d'amplitude observgee, correspondent aux scintillations 4 angle d'arrivge le plus grand, gtaient 
d'environ 5 dB, 

Lea PIIs se classaient essentiellement en deux categories : l'une dont la periods fetait d'en¬ 
viron 6 minutes, l’autre dont la periode atteignait 21 minutes, Les perturbations de la premiere ca¬ 
tegoric se deplaqaiant 4 une vitesse d'environ 200 km/heure, avec une longueur d'onde correspondant.e 
de 20 tan. La vitesse des perturbations de la deuxifene categorie variait entre 800 et 2 000 tas/heure, 
avec une longueur d'onde correspondante allant de 300 4 700 tan | d’autre part, elles se dgplaqaient 
suivant une trajectoire prergrentielle orientii nord-sud, 
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OBSERVATIONS OF TRAVELLING IONOSPHERIC DISTL'kBANO'p 
AT LONDON, CANADA 


J. Lltva 

Communications Research Centre 
Department of Coanunlcstlons, Ottawa, Canada 

SUMMARY 


Some observations made at London, Canada, of travelling Ionospheric disturbances (TIDs) are presented. 
They were obtained by way of a new technique which Is described in detail; namely, measurement of angle of 
arrival and amplitude variations of radio waves which propagated through the ionosphere from localized re¬ 
gions of enhanced emission on the solar disk. A survey of past observations suggests that at most four 
wave cycles are observed In TID wave trains. The observations reported here show good evidence of TID 
wave trains up to four times as long, consisting of 15 to 1C wave cycles. The angular deflections of the 
solar line of sight at 51.7 MH* were measured to be between ±6 to 120 minutes of arc; from which, electron 
nimber density perturbations are calculated to be of the order of 1 to 2 percent. The observed varia¬ 
tions in amplitude corresponding to the larger angle of arrival aclntlllatlons were about 5 dB. 

The TIDs were primarily of two types; one with a period of approximately 6 minutes, the other with a 
period of 21 minutes. The former travelled with the speed of about 200 km/hr and a corresponding wave¬ 
length of 20 km. The speed of the latter was between 800 and 2000 km/hr and the corresponding wavelength 
between 300 and 700 km; they also had a preferred line of travel which was orientated north-south. 

1. INTRODUCTION 

TIDs or travelling Ionospheric disturbances are electron density Irregularities in the F region which 
have been observed to move over horizontal distances of thousands of kilometers. The disturbance consists 
of a periodic change of the electron density with horizontal distance. When TIDs are represented by con¬ 
tours of constant electron density it is found that they tend to be tilted or displaced forward from the 
vertical In the direction of motion (THOME, 1964). 

The velocity of TIDs has been measured at many locations by many workers using a vari ty of techniques. 
Some of the techniques employed are vertical Incidence sounding (PIERCE and MINNO, 1940; WELLS, WATTS and 
GEORGE, 1946), doppler radar (GEORGES. 1968; CHAN and VILLARD, 1962), backsratter radar (TVETEN, 1961), In 
situ satellite density measurements (NEWTON et al, 1964), three station single frequency lonosondes (MUNRO, 
1958), Thomson radar (THOME, 1968;VASSEUR and WALDTEUFEL, 1969), faraday rotation (TITHERIDGE, 1963) and 
angle of arrival measurements (LAWRENCE and JESPERSEN, 1961; VITKEVICH, 1958). TIDs have wavelengths from 
about 50 to 2000 km and horizontal velocities from 180 to 2500 km/hr. The higher velocity TIDs tend to 
travel in the north-south direction and the lower velocity ones have no preferred direction of travel. 

A description is given of some observations made at London, Canada, of TIDs. They were detected by 

measurements of deviations or scintillations in angle of arrival and amplitude of radio waves which pro¬ 

pagated through the Ionosphere. The measurements were made with radio Interferometers monitoring radio 
waves of frequency 51.7 Mils emitted by a localized source In the sun's corona. There are times when the 
disturbed sun radiates meter wavelength radio waves at an enhanced level for periods of a day or more. On 
a nunber of these occasions the sun was used as a radio source and scintillations in angle of arrival of 
solar radio waves refracted by TIDs in the Ionosphere were observed. 

At VHF frequencies the angular deflection due to refraction of radar waves traversing the Ionosphere 

is proportional to the spatial gradient, transverse to the line of sight, of the total number of electrons 
per square meter In the line of sight. It follows that, since gradients In total columnar electron content 
due to TIDs were measured, It Is reasonable to asstxne that they were contained between the altitudes 100 
and 500 km, or so. This, after all. Is where most of the electrons of the Ionosphere are contained. 

It Is assumed that for the moot part TIDs perturb linear propagation of radio waves through the iono¬ 
sphere because of their horizontal electron density gradients. These perturbations manifest themselves to 
an observer on the ground monitoring a radio signal as scintillations In the angle of arrival and amplitude 
of the signal. Equations will be developed relating the magnitude ol the angle of arrival scintillations 
to both the electron density gradients end the characteristics of the Interferometers used for the measure¬ 
ments. It will be shown that the apparent motion of the sun produces variations In both the magnitude and 
period of the angle of arrival scintillations. Tils motion and the variations induced by it are described 
in detail and it la shewn that the line of travel and speed of the TIDs producing the scintillations can 
be deduced from the observed variations. Finally, equations are developed relating the magnitudes of the 
amplitude scintillations and angle of arrival scintillations produced by TIDs; from which the speed of the 
TIDw as a function of height can be deduced. 

2. TECHNIQUE 

Consider Fig. 27-1 where two antennas forming an Interferometer are located at 0 and A along the base¬ 
line 0Y and aeparated by distance d. Two rays from the sun and denoted by S are shown arriving at each 
antenna. The total phase difference * o" the radiation arriving from the source at the two antennas may 
be expressed generally as 



♦ “ (2nir + <(>) 


Eq. 27-1 






27-2 


From the knowledge of the location of the sun the angle 6- 
disk and the interferometer base line can be calculated and subs 
angle 0^ of the solar radiation with respect to the lnterferomet 
Eq. 27-1 and a measurement of <f> N where, is the phase between 
Interferometer ante mas. the angle 0.,. Is defined by 


between a ray from the center of the sola 
:ituted into Eq. 27-1 to solve for n. Th 
:r's base line ran then be determined fre 


ilways positive and measured from the line OY. ^6^ a 
: is called the angle of arrival henceforth, and the 


positive or negative. It is called the angle of arrival henceforth, and the measured values 
form the principle data base for this paper. It Is augmented by the amplitude of the solar i 
also was measured and recorded. 

Fig. 27-2 shows the relative location of the antennas of the compound solar interferomei 
the measurements. The antennas were linearly polarized five element yagls and were mounted l 
signals of vertical polarization. The amplitude of the Incoming solar radio waves was reco.*< 
phase measurements out of a possible five were also recorded. In some cases the phase diffei 
the waves arriving at Y o and Yj and between Yo and Y2 were recorded; In other cases, the p.iaf 
and Y2 end between Y and Y t were recorded. The measured phase differences were converted tc 
arrival 0 SN of. the a8lar ray with respect to the interferometer base-line and the center of t 
various antenna pairs are denoted as follows: 

Y 0, Yz - wide E-W interferometer 

Y 0, Yi - narrow E-W Interferometer 

Yo, Yj - N-S Interferometer 


and the angle of arrival 


u-rements presented here will be Identified by t 


3. MOTION OF THE SOLAR LINE OF SIGHT 

The loci of the intersection of the solar line of sight with various levels in the ionosphere may be 
determined with the aid of Fig. 27.3. In particular Fig. 27-3 (a), which shows a plane containing the solar 
line of sight, the observer -) and the center of the earth C. The intersection of the solar line of sight 
with an ionospheric layer wh jse height above the earth is D ie given by R. The zenith angle of the sun is 
z; B is the distance OR and 5 is the angle RCO. It can be shown (HARROWER, 1963) that B is given by the 
following: 


The observer's celestial hemisphere is shown in Fig. 27-3 (b) with the observer at 0, 
tial pole at P, and the zenith at Z. The intersection of the extension of CR in Fig. 27-3 
observer's celestial uphere is given by R' and the co-latitude PZ and hour angle ZPR' of R 
S and t respectively. 

The altitude of the sun denoted by h in Fig. 27-3 (a) 1 b given by (SMART, 1944) 


>s(LAT)cos(DEC)cos(HA)] 


3)1 


Eq. 27- 






leal triangle PZR 1 in Ftg. 27-3 (b) It follows 


UT(K> - .j - S 

ante:*) - lonc(O) h 


freeing out the loci of the Intersection of the solar line of stght with various levels li 
is a function of timr, are given in Fig. 2 7 -4\ The paths shown were derived for vcluas ol 
, 300 and 450 km using solar parrmeters correct for November 12, 1969 and equations 27-3 t 
Intersection of the dashed lines with the cu.-ves defines th? position of the intersection 
Lcated times; positions at other times can be ot-cained by extrapolation. The co-ordinate 
inaert define positive values of the velocity components '' x and Vy of the Intersection p< 
:lve Vx directed towards the was;: and positive Vy directed towards the north. These two i 
snts are given by 


- (r + d)coa[u.T(«)] » 


Curves for November 12, 1969 derived from F,qs. 27-12 and 27-13 giving Vx and Vy ae a function of time for 
the altitudes 150, 300 and 450 km are glve-t In Fig. 27-5. The component Vx, although positive throughout 
the interval between 1330 and 2030 UT, Is seen to vary considerable and in a manner characterized by high 
vtlues In the morning, relatively low ones at local noon, and high onea again In the afternoon. On the 
other hand Vy whose absolute value is less than Vx throughout this InCcrval, begins with positive values, 
becomes zero at local noon, and. assumes Increasingly negative values in the afternoon. 

Since the Intersection pelnt R moves through the Ionosphere, It Is to be expected that the period of 
the scintillations In angle of arrival of the solar line of sight, caused by Tills, will be an apparent 
period. The apparent period will differ from the actual TID wave period by a quantity which is a function 
ol the component of the velocity of the solar line of sight through the Ionosphere parallel to the hori¬ 
zontal velocity of the TIDs. in the Insert accompanying Fig. 27-4, let U represent the velocity of the 
TID and V the '•eloclty of the intersection point R. The azimuthal angles of these vectors with respect to 
the negative Y axis are ol, and cl. respectively. The are both defined to be positive In the counter-clock¬ 
wise direction. Their values are given by 


r * u " IF co8(a v - V 


MAGNITUDE OF ANGLE OK ARRIVAL S TNTII.LATIONS 


b - e J /e»m - 1 6 x 10 J (rake) 

N - local nimbi r denaltv .if t ree elec 
e - charge of an elertron 


t neglects the effects of t 
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The 


il angular deflect It 


radlowava frc 


average position (CHANDRASEKHOk, 1932) 


where l, la iseaciired alrng the ray, and 
u, la measured along a normal to i 

Equations are nou derived giving the varladon, an a function of time, of the magnitude of TID In¬ 
duced scintillations In the solar angle of arrival neasured hy the E-U and N-S interferometers. Consider 
Fig. 27-6 with the observer at 0 wher". 


SO - solar line of sight 

OP - projection of the solar line of eight on the observer's 
horizon plane 
h » altitude of the sun 

U » projection of the TIDe horizontal velocity vector onto 
the horlsou plane 

TS >“ azimuth of OP with reap.ct to the OX axis 
(Hy « azimuth of £ with respect to the OX axis. 


In the derivations which follow it is assumed that: 

a) the TIPs' direction of travel defined by remains constant 

b) the refraction of the solar line of sight from Its average position Is due, for the most part, to 
TIP Induced horizontal electron number density gradlants 

c) the horizontal gradlants are parallel to the TIPs' horizontal velocity. . 

It will be shown that since TS In Fig. 27-6 changes from positive values in the morning Co negative 
valuta In the afternoon In a regular and defined fashion that the magnitude of the sciar scintillations 
will vary In a unique manner determined by the TIPs' direction of travel. 

It follows from the spherical triangle, ABC, In Fig. 27-1 that 
cos6 • coshcooA' 

so that F,q. 27-1 can be written In the following forq> 

d - coshcosA^ Eq. 27-19 



where: 

A| « Ai - J , for the E-W interferometers and, - ir - Az - 0.3098, fcr the N-S interferometer. 

The magnitude of the phase variations measured by the interferometers due to changes In h and TS 

caused by refraction of the solar line of sight may be obtained by finding the differential of Eq. 27-19 

and substituting in the appropriate value for A^ . If follows from a comparison of Figs. 27-2 and 27-6 

that A' is equal to ff - TS and TS - 0.3098 radians respectively for the E-W and N-S interferometers. 

1 2 

The equations resulting from the substitution of A' Into the differential of Eq. 27-19 are: 

Adi - -Bi »in(h)sin(TS)Ah + 8icos(h)coa(TS)ATS Eq. 27-20 

Ad 2 - -0 2 sln(h)sln(TS)Ah + B z cos(h)coa(TS)ATS Eq. 27-21 

Adj - -0: sin(h)coa(TS - 0.3098)Ah - 8jcos(h)8in(TS - 0.3098)ATS Eq. 27-22 


0, - 2n (49.361) 

82 - 2w (16.571) 

8j “ 2ir (54.289) 

In the above, Eqa. 27-20 and 27-21 give the magnitude of the phase scintillations Adi and Adz meas¬ 
ured by the wide and narrow E-W Interferometers respectively and Eq. 27-22 gives the magnitude of the 
phase scintillations A61 measured by the N-S interferometer. The variations in the Interferometer angle 
8 whicn are also equal to the variations In the angle of arrival as defined In Eq. 27-2 may be obtained by 
equating the differential of Eq. 27-1 to Eqa. 27-20, 27-21 and 27-22 in turn 

Afl . a in (h) sin (TS)Ah _ coa(h)c oa(TS) ATS g. - 7 . 23 

'» 2 sln8 ein8 


i)coa(TS - 0.3098)Ah + coe(h)win(TS - 0.3098)ATS 


Eq. 27-24 







' A8i,t - perturbation cf angle, 9 for the vl1» end nar.ow E-W 

interferometers due to refraction of the solar ray 

AO] - perturbation of angle 8 fop: the N-S Interferometer 
due to refraction of the solar /ay. 

An expression, giving the variation, of, A0I,] and A8j as a.function of V S, re local t\ f *a may, te obtained 
fimz a consideration of Fig- 27*6- The point n denotes the intersection of the solar ray with a layer In 
the Ionosphere. The average horizontal .electron nuaber density gradient _£ la Indicated and shown to be 
parallel to OA, Close Inspection of fig. 27-6 reveals toati the component of £ perpendicular to the aolar 
line of sight F. t Is contained In the plane defined by OS and OA. Thun the lieTrarted solar ray whowe an¬ 
gular deflection T Is giver, by Eq. 27-18 will be contained within this plane. , 


Eq. 27-25 


Eq. 27-26 


Eq. 27-27 

Substitution of Eq. 27-25 ard 27-26' into 27-23 end 27-24 and dividing by t to normalize the equations, 
allows one to write the following: 


If a ray undergoes -i deflection of t it follows from the geometry in Fig. 27-6 that 
Ah « Tslnycoa'TS - o^) 

I 


.-‘U 


[ ,ln ^ - v ] 

’ T f^h) 





sln(h) ein(TS; sin Y cosfTS-a,,) 
sir 8 


cos(h< cor('f S) cos v 
sin“5 cos (hi 


Eq. 27-28 



F, - A6l- ,lB<h) C ° a(TS -°- 3098)1 Sl " Y co * (tS ~ o t tj)+ cos(h) aln(TS -0.3098) cos V Eq- 27-29 
• T sin 8 sin 9 cos(h) 


Where it Is assmed that r la constant with time. 

The function ft,2 and Fj are called the 'resuoi.se' of the E-W and N-S interferometers respectively. 
They give the efficiency oi the interferometers in measuring pngular deflections in the solar line of sight 
as a function of time and geometry. The response given by Eq. 27-28 of the E-W Interferometers as a 
function of time is plotted In Fig. 27-7 with ol. In degrees Indicated on the curves. It is seen that the 
shape of the curves la a function of the parameter ol.; In particular, the local time at which, Fi , 2 becomes 
zero is a t'.-nctio. of ol^. This suggests th"t the line along which TIDs travel may be determined by the 
modulation imposed by the interferometers on the observed magnitude of the'soler angle of arrival scinti¬ 
llations. In Fig. 27-8 the.corresponding response Fj of the N-S Interferometer is plotted as a function 
of time for various values of 0^. 

5. FOOTSINC AND DEFOCUS I!;.’. EFFECTS OF TIDs 

Closely following Turnbull and Forsyth (1965) focusing and dofocusing of the radio-wave energy by 
TIDs is now considered. Only the simplest case dealing with relatively small deviation angles or Irregu¬ 
larities at low altitudes lp considered. In this case the only effect on the ground is slight focusing 
and dofocusing of the radio-vav* energy as the 3olar line of sight encounters TIDs. The more complex case 
where rays from two or mote widely separated points in the TXD reach the observer, while rays from Inter¬ 
vening regions do not, fr act considered because the deep amplitude fading which would result from this 
type of mechanism' v^a not experimentally observed. 1 

The geometry it Illustrated in Fig. 27-9 whore the plan*, of the diagram is assumed tc be the plane 
containing the solar line of sight and the TIDs' ,llne of travel. The refracted aclar line of sight will 
also be in this plane.. Since only variations within this plane are of Interest, it is convenient to con¬ 
sider energy densities as for a system of cylindrical aymnetry. Two solar rays SPB and S'QE are shown 
meeting the ground at B and E. They Intersect the ionosphere MN at P and Q and undergo angular deflection 
0'and 8 + d8 respectively. The undeflected raya make an angle e with the ground. The distance r between 
the observer and the ionospheric intersection point of the solar ra> is given by: 


H/cos(h) 


Eq. 27-10 


















Energy falling on the element of the Irregularity da would, In the absence ol the irregularity., fall 
on the ground spread over an element dp and in the presence of the i (regularity spread over sn elament dx. 


» the energy density nt point x on the ground is given by 


3y combining Eqs. 27-30, 27-31 and 27-32 one may v 


The distance of separation ds of the rays may be written as 


U' - U - U.V/U 
U - TID velocity 

V - velocity of the point of intersectlm of the .••oil] 
line of sight with the ionosphere. 


Eqs. 27-33 and 27-34 i 


6. EXPERIMENTAL AND ANALYTICAL RESULTS 

6.1 Angle of Arrival Results for East-West Moving TIDs 

The angle of arrival veraut time measured with the wide E-W interferometer on October 28, 196b is 
given in Fig. 27-10. The curve is fairly steady between 1330 and 2030 UT; although, it does show some 
evidence cf quasi-periodic scintillations with peak-to-peak (p-p) arollti-de of 10' arc. ThlB is the type 
of result one would expect for the case of a relatively ui,disturbed ionosphere; one in which TIDs, for 
example. If present possessed small amplitudes. 





















90° la th« response of th*- E-W Interferometer su.ffi clently constant to be able to see mint for the obsmvud 
constant average amplitude. 

The apparent period of the. sclntlllationaon November 17., 1969 la given In Fig. 27-14. Those values 
were obtained by measuring the dlntance between cha vertical lines In Fig. 27-12. A scintillation la de¬ 
fined for this measurement as a local maxima In the angle of arrival that occurs on ooth the E-W and N-S 
Interfarcnetsra simultaneously. The scintillations defined by the dashed lines do not mint thin require¬ 
ment and therefore nre not used In the analynls. They are mentioned here because there Is some indication 
that a scintillation may have occurred at these times. The peaks of the scintillations hava bean used 
here but the troughs could have been used equally well. There Is a monotonic decrease of the period of 
the scintillations with time bo£ore local noon (1709 ITT) and a monotonic increase with time after local 
noon. Since the eaut-went component of velocity of the intersection of the solar line of sight and the 
Ionosphere varies In the same manner this behaviour la consistent with the direction of travel deduced 
above; namely, the east-west direction. Furthermore, since the period of the scintillation decreased to¬ 

wards local noon and Increases afterwards, rather than the ravers*, suggests that the TIDs moved towards the 
west. From the degree of symmetry of the pattern produced by the syul:.erat:lr. variation of the period in 
Fig, 27-14 about local noon, and Eq. 27-17, one can estimate that the deviation of th» line of travel from 
the E-W direction Is at most ±15°. Finally, It Is to be noted that the average period of the scintillation 
between 1600 and 1830 ITT, when the apparent speed of the aur. reaches Its lowest value, is approximately 
13 minutes It follow*, that the true HD period Is somewhat loss than 13 mlnuten. 


A plot of the 1.'.verse of the apparent period of the scintillations observed on November 12, 1969 
versus the E-W component of the velocity of the colar line of sight through the ionosphere Is given in 
Fig. 27-15. The altitude of the Intersection point used la ZOO km. The dashed line raa obtained from a 
least squa.es fit of the data. The dashed curve show? In Fig. 27-14 was derived from the straight dashed 
line in Fig. 27-13 snd Is appropriste. for an intersection altitude of 200 km. S mllar analyses at other 
values of altitude would produce curves which were Indistinguishable from the one shewn in Fig. 27-14. 

The dashed curve in Fig. 27-14 appears to explain the ayuteaaCic variation of the period of the sclnti- 
llat.c-'s. The questionable data poll.r at 1940 UT appears Co be In agreement with the curve and the one 
at 1430 UT does not. Further evidence .".hat the poinc at 1940 UT may be real Is given by the fact that 
there appears to be In Fig. 27-M , a scirdilution In the flux density at 1.940 UT similar in duration to 
tie corresponding angle of arrival scintillation. At 1420 UT, on the other hand, it is difficult to tell 
whether there is a corref ponding scintillation. In the flux density. 


Fig. 27-15 is equal to, 1/60X, and the Intercept with the vertical axia at, Vx « 0, is, 1/T; where T is 
i.he true TIC wave period In minutes. Thus, one la able to solve for the period, wavelength, and velocity 
of the TIDs. The only unknown Is the altitude, so that the analysis must be repeated for a number of al¬ 
titudes between 100 km and 500 km, or so. The velocity of the TIDs as a function of height Is Indicated 
by the solid curve In Fig. 27-16; the period In minutes Is indicated by the numbers beside the data polnts- 
The standard deviation of the period is 14 minutes. The period decreases with Increasing height. The 
wavelength as a f-nctlon of height la shown In Fig. 27-17. 


The dv.ohed curve in Fig. 27-16 was obtained by correlating the scintillations In angle of arrival 
and flux density In Fic. 27-1 1 between U'45 and 1505 UT. From the ratio of maximum flux density divided 
hy average flux density and the rate of change of angle of arrival at the time of maximum flux density the 
apparent velocity, ’J’, given by Eq. 27-35 can be solved for is a function of height. Since one knows the 
velocity of the solar line of sight through the Ionosphere as a function of height the 'true' TID velocity 
can be solved for as a function ot. height snd lo given Dy the darted curve in Fig. 27-16 , There Is agree¬ 
ment between the two curves lr the lower Ionosphere. The curves appear to diverge above 300 km, or so, 
suggesting that the centroid of the TIDs was contained between 100 and 300 km. 


6.3 Angle of Arrival Results fer North-South Moving Tills 


The angle of arrival for October 27, 1968 Is shown in Fig. 27-18 The solid curve gives the data re¬ 
corded by the wide E-W Interferometer and the dashed curve gives the data recorded by the narrow E-W inter¬ 
ferometer. Quail-periodic scintillations are present between 1340 and 1830 UT. The agreement between 
the two aetc of data is excellent except between 1330 and 1420 UT; during which time the narrow E-W Inter¬ 
ferometer appears to have undergone a slow phase drift; although the agreement between the small scale 
structure Is good. The scintillations that appear on both sets of data are attributed to refraction by 
TIDs. Fig. 27-19 shows the magnitude of the solar flux density on October 27, 1968. For purposes of 
comparison the angle of arrival for October 27, 1968 la shown once again. A comparison of the October 27, 
1968 wide E-W interferometer angle of arrival data with two sinusoids; one with a period of 21 minutes 
and the other with a period of 13 minutes, is given in Fig. 27-20. Local noon is Indicated by the dashed 
line at 1709 UT The period of th. scintillations Is approximately 71 minutes between 1340 and 1630 UT 
and again between 1750 and 1840 UT. The 21 minute scintillations in the firut lrterval are In phase with 
the sinusoid; whereas, tho 21 minute scintillations in the last Interval are approximately 180° out of 
phase with the sinusoid, The period of the scintillations In tho time interval 1645 to 1740 UT Is approx¬ 
imately 13 minutes. 

The angle of arrival and solar flux density measured with the wide E.-W Interferometer on October 29, 
1968 Is given in Fig. 27-21. Scintillations in the angle of arrival are present between 1330 and 1700 
UT. The solar radio-wave emissions on this day were sufficiently constant in amplitude to show scinti¬ 
llations In the aearured flux density between 1330 and 1700 UT. The scintillation in flux density at 
1600 UT Is especially well defined snd approximately 90° out of phase with the corresponding angle of 
arrival scintillations. The scintillations in angle of arrival are due to retraction of the solar line 
ol sight by TIDs, Tho scintillations in solar flux density are attrlbulid to focusing and detocuolng 
associated with refraction of the aolar line of sight 
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la Cowards tho north or towards th« south along this line of travel. The maximum deviation of the line 
of travel from the N-S direction Is (±8°). The Increase in magnitude of the sclntlllatIona before 1520 UT 
in Fig. 27-22 la not Inconsistent with the above interpretation. In all likelihood the observed TIDs con¬ 
sist of wave-packets, so that the Increase In magnitude corresponds to the Increase in magnitude one would 
expect at the beginning of a realistic wave-packet. 


Close inspection of Fig. 27-20 shows no discernible systematic change in the period of the 2,1 minute 
scintillations between 1345 and 1630 UT, The speed of the responsible TIDs Is therefore greater than 070 
ka/hr assuming the centroid of the TIDs was contained between 200 and 500 km, since the north-south comp¬ 
onent of the velocity of the solar line of sight changed by about 135 km/hr in this interval.. The T1D 
wavelength Is greater than 300 km because the wave-period, t:o a good approclmatlon, is 21 minutes. 


Since the 13 minute scintillations are discernible at local noon the responsible TIDs are travelling 
in a predominantly E-W direction. Their magnitude Is smaller and they are only discernible when the re¬ 
sponse of the E-W Interferometers Is low or non-existent to the larger scintillations produced by the N-S 
TIDs. These scintillations are similar to those produced by the E-W TIDs observed on November 12, 1969. 
They have similar apparent periods, amplitude, and constancy of amplitude about local noon. 


The direction of travel of the TIDs which produced the scintillations shown in Fig, 27-21 is not 
readily discernible from the characteristics of the scintillations. Since the period of the scintillations 
between 1515 and 1610 UT la 21 minutes suggests that the responsible TIDs may have travelled north-south 
because the scintillations In Fig. 27-21, caused by north-south travelling TIDs also had a period of 21 
minutes. The scintillations in flux density are again attributed to focusing and defccusing of the radio- 
wave energy by TIDs. If one makes no assumption concerning the direction of travel of the TID, assumes 
only that ita height was approximately 300 km and then correlates the angle of arrival and amplitude 
scintillations between 1540 and 1610 UT, as before, one can deduce the speed of the TIDs responsible for 
bending the solar ray as being greater than 300 km/hr. The upper limit of the speed is a function of the 
line of travel; for a north-south line of travel, for example. It is roughly 1500 km/hr and for an east- 
west line of travel it la roughly 700 km/hr. 


The maximum observed TID Induced angular deflection was ±20 minutes of arc, Indicating, according to 
Eq. 27-18, a maximum gradient in columnar electron content for the TID of 3.5 x 10 14 el/m 2 km. If one 
assumes that the TID which generated the scintillation was contained between ?50 and 350 km the above 
columnar electron gradient corresponds to an electron number density perturbation of only 1 percent, or so. 


There is evidence that the motion of the TIDs responsible for the scintillations on November 12, 1969 
was perturbed. For example the amplitude of the scintillations recorded by the N-S interferometer In Fig. 
27-23 deviates significantly from a possible average value of 8' arc at, 1500, 1610 and 1730 UT. The ap¬ 
parent period in Fig. 27-14 departs from the dashed curve at 1540, 1610 and 1720 UT. In Fig. 27-11 one 
can discern an enhancement In flux density at 1430, 1520, 1630 and 1730 UT. The good agreement between 
the above times at which these parameters were perturbed suggests that the perturbations are real and 
have a period of the order of an hour, or so. 


7. CONCLUSION 


7.1 The solar radio interferometer was shown to be a sensitive instrument for detecting TIDs In the iono¬ 
sphere; capable of detecting TIDs with electron number density perturbations as low as one nercent or less. 
The TIDs were observed as quasl-perlodlc scintillations In the angle of arrival of radio-waves emitted by 
localized disturbed regions on the solar disk. It was shown that the speed, line of travel, period and 
wavelength of the TIDs could be deduced from the manner In which the period and magnitude of the observed 
scintillations varied with time. The speed of the TIDs as a function of height was also determined by 
correlating the degree of amplitude fading due to defocuaing and focusing effects with the maximum observed 
rate of change of angle of arrival. 

The aun, when emitting rf energy at an enhanced level, was shown to be an effective source for de¬ 
tecting TIDs. In effect, it tends to select time Intervals, for the observer, when there Is a good like¬ 
lihood of TIDb being present in the ionosphere. TIDs tend to be present when the ionosphere is disturbed 
and the Ionosphere tends to be disturbed when the sun is disturbed. The fact that the sun radiates at an 
enhanced level, only at times when it Is in a disturbed state, completes this cause effect relationship. 

On the other hand It is not an effective source for obtaining synoptic measurements because measurements 
are possible only on those Infrequent occasions when the sun is radiating at an enhanced level. 
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Fig. 27-1 Geometry of two rays, S, from a radio source and an interferometer with its base-lin 
OY axis. The two elements of the Interferometer are located at, 0, and, A. The int 
meter angle is, (•} the altitude of the source is, h; and the azimuth of the source v 
respect OY is, A* 
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Geometry of narrow and vide east-vest interferometers and north-south interf erometei 
slating of the following pairs of antennas Yo and Yj, Yo and Y 2 , Yo and Y 3 , 


Fig. 27-2 
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Fig. 27-4 The curves show ths loci of the intersection of the solar line ol sight with various levels 
in tha ionosphere at a function of time. Co-ordinate axes shown in the insert define 
positive values for the two velocity components, V>:, and, Vy, of the solar line of sight 
through the ionosphere. 



Fig. 27-5 Plot of November 12, 1969 values of, Vx, and, Vy, as a function of time for various heights. 
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Fig. 27-10 Angla of arrival varsua time measured by vide E-W interferometer on October 28, 1968. This 
result Is consistent with a stationary solar source and a relatively undisturbed ionosphere. 
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Fig. 27-1 I Comparison of angle of arrival and solar flux density measured with the N-S lnterferoneter 
on November 12, 1969. 
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Fig. 27-12 Comparison of angle of arrival measured by boch the wide E-W and the N-S Interferometers 
November 12, 1969. 
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27-16 Spaed of the E-W TIDs; observed on November 12, 1969 versus altitude. Solid curve was derived 
from the observed long term variation In the apparent period. Numbers on tho curve ;;ive the 
TID period In minutes. Pushed curve was obtained from a correlation of the amplituc ’ and 
angle of arrival scintillation. 
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Fig. 27-20 Comparison of the angle of arrival measured vi v .h the wide E-W interfaromacer on October 27, 
i.968 with two sinusoids one with n period of 21 rlnutes, the other with a r >rlod of 11 
minutes. 
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Fig. 27-3! Angle of arrival sod solsi flux density versus time, measured with the vidu E-V interfero¬ 
meter on October 2°, 1968. 
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wig. 27-22 Amplitude of scintillations measured by vida E-W interferometer on Octobar 27, 1968, versus 
universal time. 
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Fig. 27-23 Magnitude cf the scintillations measured by the N-S interfurometer on November 12, 1961 
versus universal time. 
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SCMMAIRE 


On a procSd£ A une atrie d'experiences consacrSes aux effete des perturbations ionoaphb- 
riques itin£rantea aur lea assures d'aziout. Le syat&se d'antenne rSceptrice utilis6 6tait un en¬ 
semble 1 large ouverture, diapos^ en cercle j les donn£es fournies par ce diapoaitif Staient trai- 
t<es par un syst&ae autoaatique de meaure d'atinut, Lea rSsultats obtenua indiquirent que l'atimut 
6tait affecti de fluctuations prSaentant dea pSriodea de l'ordre de 20 minutes. Certains jours, une 
afquence continue de fluctuations apparaiasait aur 1'enregietrement. et d'autres joure, ellea en 
Staient preaque absentee, En auppoeant qua 1'on Stait en presence d'une rSflexion speculaire on 
voyait que l'erreur de giseaent obaerrSe pour un seul saut correspondait A des pentes ionoapbSri- 
quse atteignant jusqu'4 9 dtgrSa, De plus, on eatimait que cea pentes pouvaient verier 4 raison 
de 1" par rinute. Lea rSaultata auggSrent Sgalement la prSaence, dana l'ionoaphire d'inclinaiaona 
aystSaatiqusr qui variant avec l'angle zSnithal aolaire. Lea implications de cea rfesultata pour les 
coosunicationa radio aont cxaainSea du point de vue pratique. 
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THE EFFECT OF IONOSPHERIC DISTURBANCES ON THE BEARINGS Of INCOMING. SKY WAVES 
A D MORGAN 

Government Communications Headquarters, Cheltenham, England. 


SUMMARY 

A series of experiments was conducted to examine the effects of TIDs on bearing measurements. The 
receiving aerial used war a circularly disposed wide aperture array and the output from the array wao 
processed by an automatic bearing measuring equipment. The results showed that the bearing fluctuated 
with periods of the order of 20 minutes. On some days, the bearing record showed a continuous sequence of 
these fluctuations whereas, on other days, the fluctuations were almost absent. On the assumption of a 
mirror typo of reflection, the observed bearing error for a single hop path corresponded to ionospheric 
tilts of up to 9 degrees. Further, on this assumption, it is estimated that these tilts enn change at the rate 
of up to one degree per minute. The results also suggest the presence of systematic tilts, in the ionosphere, 
which chunge with the diurnal change of the solar zenith angle. The implications of these results, on 
practical radio communication, are briefly discussed. 

1. INTRODUCTION 

In general, a travelling ionospheric disturbance (TID) causes deformation of the contours of constant 
electron density, ie, they are no longer spherical with respect to the earth's surface. Under these 
circumstances, the contours of constant electron density will be "tilted" and these tilts will 
deflect sky waves from their true great circle path (provided that the component of the tilt, transverse 
to the path, is not zero). This deflection can be measured by recording the bearing of the incoming sky 
wave. In this paper, the effects of ionospheric tilts, on bearing measurements, are examined. Ionospheric 
tilts can be thought of as consisting of 2 components, namely:- 

(■■’) The systematic tilts 
and (b) The random tilts. 

The present paper deals with the effect of random tilts on bearing measurements. 

Ross (19^9) distinguished between two typeo of random bearing errors, namely:- 

(i) Slowly changing bearing deviations 
and (ii) Rapidly changing bearing deviations. 

The slowly changing bearing deviations, the quasi periods of which were 10 to 30 minutes, or more, were 
ascribed to the tilting or wrinkling of the ionosphere. The more rapid fluctuations were attributed to 
wave interference effects. later papers by Bramley and Ross (1951) and Bramley (1956) gave the periodicity 
of the slow fluctuations as between if and 30 minutes, or more, while the rapid fluctuations (caused by 
wave interference) had periods of the order of a few seconds. 

The ionospheric wrinkles (or tilts) which give rise to the slowly changing bearing deviations are 
often referred to as the Ross tilts. The bearing deviations, caused by the Ross tilts, can be regarded as 
having a periodicity of the order of 20 minutes. Clearly, when bearing measurements are averaged over 
periods of the order of 5 to 10 minutes, the averaged effect of wave interference will tend to zero, but 
the effect of the Ross tilts, on the averaged bearing measurements, will not tend to zero. Thus the effect 
of the Ross tilts on bearing measurements is important and this paper deals with this effect. 

The present series of experiments, described in thi^ paper, differed in two ways from the earlier 
experiments, undertaken over 20 years ago, by Bramley and Ross. Firstly, the initial measurements of 
Bramley and Ross were taken manually (photographing the CRT of a twin channel CRT direction finder) 
whereas, in the present investigation, an automatic bearing measuring equipment was used. The second 
difference was that, in the present experimental investigation, an aerial array with an aperture of 1075 ft 
was used, as compared with an aperture of 100 metres used by Bramley and Ross. 

2. EXPERIMENTAL DETAII£ 

2.1 Equipment 

A circularly disposed wide aperture array, situated at Blakehill in S.England, war. used for the 
experimental investigation. The elements of the array consisted of pairs of elevated w 1 monopoles, i .h 
monopole was 30 ft high with the feed point located 10 ft from the base. The bottom i ) ft section was 
earthed and it was isolated from the upper section. Two of these elements were then combined to form a 
doublet. The 2 elements of the doublet were placed on a radiai, of the circular array, at a separation of 
16 ft. The output from the inner element (as judged from the centre of the array) was fed through a delay 
cable and then combined, by means of a hybrid transformer, with the output of the outer clement. The output 
from the doublet was taken from the difference port of the hybrid transformer to give the doublet an outward 
looking cordioidal polar diagram. The null of this cordioid pattern pointed towards the «.-(•( tre of the array 
thus giving relatively low response in the backward direction. 

The complete array consisted of 96 doublets equally Gpaced on a circle of 1075 ft diameter. A beam 
was formed by combining, in a rotating goniometer, the outputs f.vom any adjacent 32 doublets of the array. 

The goniometer rotated at the rate of 600 revolutions per minute, and it had the facility to provide either 
a sum or a difference pattern. For^the sum pattern, the output from the 32 doublets were added (through 
suitable delay networks) to give a —— — type of distribution. For the difference pattern, the output 1 -m 
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A fourth transmitter, Norddeich, was also monitored. This transmitter was chosen simply to examine 
the effects of the Ross tilto, on bearings, for a relatively short path. It was expected that, for short 
oaths, the effects cf the Rosa tilts, on bearing measurements, would bn strengthened. The MUF curve for 
the Norddeiciv^Blakehil] path is shown in Figure ID. 

2.3 Experimental Procedure 


A transmitter was chosen from the lint in Table I and it was monitored for a continuous period of 
24 hours. At any time during the 24 hours, the choice of frequency was made by reference to the MUF curves 
from which it could be seen whether or not the frequency in use was does to the MUF. Bearing measurements 
were only taken on signals that arrived by a great circle path and no measurements were taken on signals 
that arrived by a side-scatter path- This criterion was checked by comparing the observed bearing with 
that of the true bearing of the transmitter. If the difference was greater than 20 degrees, then the signal 
was assumed to be arriving by a eide-scatter path and a lower frequency was selected. 

During the morning period, a monitor receiver was used to check the next highest frequency to that 
being recorded. As soon as the next highest frequency was audible, then a frequency change was made. In 
the afternoon period, when the MUF was dropping, the monitor receiver was used to check the next lowest 
frequency. In this way, frequency charges were made smoothly. Frequencies that were less than 0.7 of the 
predicted MUF were not generally recorded. 

After recording a transmitter for a period of 24 hours then, either another transmitter was chosen 
for the next 24 hours, or the same transmitter was chosen for a second period of 24 hours. The tests were 
conducted over the period 23 November to 7 December 1970. 

The bearing measurements were recorded, automatically, as described in section 2.1. The recording 
rate was set at one bearing every 4 seconds for morse signals and one bearing every 8 seconds for all other 
types of signals. The different recording rate for these signals was simply due to the fact that, for 
morse signals, the time interval for the 'off positions of the morse keying was relatively long (100 msecs, 
or more). When the rotor of the goniometer pointed to the transmitter during an 'off' period, the automatic 
bearing recording equipment was not triggered and no bearing measurement was made. To compensate for this, 
the recording speed for morse signals was increased by a factor of two. 

Only one revolution of the goniometer was used to give a bearing measurement. The goniometer rotated 
at a speed of 10 revolutions per second and a recording rate of one bearing every 8 seconds meant that only 
one revolution in every 80 was used to give a bearing measurement. A faster recording rate would have 
highlighted the rapid fluctuations of the bearing rather than the effects of the Ross tilts. 

Another recording technique that would be worthwhile using would be to compute the hearing measurement 
using the information from all the goniometer revolutions that were made within a specific time interval, 
eg, with a recording rate of one bearing every 8 seconds, the bearing measurement could be estimated by 
averaging all of the 80 bearings obtained from every revolution of the goniometer. It is intended to try 
this recording technique (which is more sophisticated than that used in the present experiments, described 
here) at a later stage. 

3. EXPERIMENTAL RESULTS 

3.1 Presentation of the Data 

Samples of the results are shown in Figures 2 to 15. In each case, the symbol used for plotting the 
bearing is as follows:- 

o represents a bearing with a figure of merit between 8l and 100 

$ represents a bearing with a figure of merit between 61 and 80 

A represents a bearing with a figure of merit equal to, or less than 60. 

The exact value of the figure of merit, associated with each bearing, was plotted by the symbol 'X' 
on the graphs. This enabled the trend of the figure of merit, as a function of time, to be examined on 
each graph. 

The graphs, shown in Figures 2 to 15, have been selected to illustrate various aspects. All the 

bearings that were more than 10 degrees in error were not considered in this report. It is obvious that 

these wild bearings do not affect the general patterns of bearing fluctuation (shown in the graphs). 

Bearings which are greater than +10 degrees in error are shown at the bottom of the printout. 

3.2 Typical Day-time Records 

Figures 2 and 3 show examples of typical day-time records. The records were both obtained for the 
Aran Juez/Blakehill path (range - 1293 kms, frequency = 17.185 MHz). In both records, the bearing error 
varied within a range of +l£ degrees of the true bearing. 

It is interesting to note that, in Figure 2, the figure of merit has relatively high values during 
the bearing perturbation of +lj degrees at about 14-30. This is shown by the circles, printed on the 
graph, and it suggests that, at tnis time, the display given by the incoming signal was very good. However, 
the values of the figure of merit are relatively low during the small bearing perturbation at about 
15-12. This is indicated by the presence of triangles and it suggests that the display given by the incom¬ 
ing signal was relatively poor. The observations suggest that, at any instant, the figure of merit gives 
no indication of whether the bearing „as influenced by the Ross tilts. Examination of all the data obtained 
during the exercise has shown that this result is general. 

















Another interesting result concerning Figure 2 is tlist the overall bearing error tends to be positive. 
This agrees with the direction of the eaat-west component of the systematic tilt for the afternoon period 
since tho true bearing of Aran Juan, at Blakehill, is 186.8 degrees and this path will be mainly affected 
by E-W component of the ionospheric tilts. 

In Figure 3, the overall bearing error is negative. Again, this is in agreement with the direction 
of the east-west component of the systematic tilt for the morning period. 

3.3 Quiet Record 

The quietest recording obtained, during the trial, was that for Rome (frequency = 17.233 MHz, 
range = 1543 kma), over the period from 07.00 to 12.00 (which was the end of the recording) on 30 November. 

A sample from this record is shown in Figure 4 and it can be seen that the bearing error never exceeds a 
value of j<>.5 degrees. On the assumption of a single-hop (IF mode), mirror type reflection, this bearing 
error corresponds to an ionospheric tilt, in a direction normal to the groat circle path, of about 
+1.3 degrees. 

Over the period of the record, shown in Figure 4, the overall bearing error is virtually centred on 
zero. Since the true bearing of the transmitter is 129.4 degrees, then the systematic tilt for the path 
will, approximately, consist of an equal contribution from tho N-S and E-W components of the systematic 
tilt. The bearing err Jr for the former will be positive whereas tho bearing error for the latter, during 
the morning period, will be negative. Thus, it is reasonable that the overall bearing error for Rome, 
during the morning period, is around zero. 

3.4 Disturbed Record 


An example of a disturbed record is shown in Figure 5. The values of the bearing error appear to 
trace a wave-like pattern with a broadband of about one degree in width. The exception to this is the 
bearing perturbation that occurs between 15-33 and 16-10 since, over this period, there does not appear 
to be any smearing of the bearing error curve. The maximum bearing error during this period is 4J degrees 
and it occurs at about 15-55. For this time of the day, the predicted MUF for the IF and 2F modes was 
11.2 and 8.0 KHz, respectively. Since the transmitter's frequency was 10-308 MHz, it seems likely (but not 
proved) that the IF mode was being propagated. On the assumption of a simple mirror type of reflection, 
the component of the ionospheric tilt in a direction normal to the great circle path, that would correspond 
to a IF mode, is of the order of 9 degrees. Thi6 observation suggests that ionospheric tilts, as leirge 
as 9 degrees, could bo associated with TIDs. It is planned to conduct further experiments in which a vertical 
sounder will be used at the mid-point of the path. This will provide more accurate information on the state 

of the ionosphere so that the mode of propagation can be deduced more precisely. 

During the bearing perturbation commencing at 15-33. a relatively large number of the bearings have 
high values of the figure of merit - as indicated by the circles. For these bearings, the display given 
by the incoming signal must have been relatively very good and thi6 again emphasises the fact that, at any 

instant, the DF display does not give indication as to the accuracy of the bearing. 

The fast fluctuations (about one degree in amplitude), superimposed on the bearing error curve, are 
probably caused by wave interference. This wave interference could be caused by two modes of propagation 
arriving at different angles of elevation or a number of waves arriving in a cone. This latter effect 
could be caused by the surface of the ionosphere being corrugated. 

It is also interesting to note that the overall bearing error for the Prague record, shown in 
Figure 5, is positive. This is in agreement with the direction of the systematic tilt for an easterly path. 

As a matter of interest, the observed values of h'F (minimum height of the F layer) at Lindau have 
been plotted, at half-hourly intervals, for the disturbed day of 2 December and the quiet day of 30 November 
(see Figure 4). The ionospheric station is not exactly at the mid-point of either the Prague-Blakehill 
path or the Rome-Blakehill path. Nevertheless, the station was sufficiently close to the mid-points to 
enable some idea to be obtained of whether the ionosphere was disturbed or quiet. The graphs of h'F, for 
these 2 days, are shown in Figures 16 and 17. The graphs suggest that the ionosphere was more disturbed 
on 2 December than it was on 30 November. This agrees with the bearing records obtained on those days. 

3.5 Typical Example of a Short Path 

An example of a bearing error record, for a short path, is shown in Figure 6. The record was 
obtained for the Norddeich/Blakehill path (range = 648 kms, frequencies = 8.638 and 13.027 MHz). The 
bearing perturbations are considerably larger than those observed on any of the other paths and this is 
primarily due to the relatively short range of the path. The value of the maximum bearing error is 
5.8 degrees and it occurs at 09.38. It is shown below that the mode of propagation must nave been a 
IF rather than a 2F mode and, for a mirror type of reflection, this bearing error would correspond to a 
component of the ionospheric tilt, in a direction normal to that of the great circle path, of about 

6.5 degrees. 

At 09.18, there is a marked decrease in the figure of merit which corresponds with a crest in the 
bearing fluctuation. This occurrence is exceptional. If, of course, it occurred regularly, then the figure 
of merit could be used to give an indication of whether the bearing measurement was influenced by the 
effects of the Ross tilts. 

At 08-11, e frequency change was made and a higher frequency was monitored. This frequency change 
was made because the higher frequency became audible at this time (a monitor receiver was used to check 
this). However, the bearing record shows that there is no mark discontinuity in the bearing fluctuation 
at that time. The radio wave at a frequency of 13.027 MHz will have been reflected at a grerter height 
than the radio wave at a frequency of 8.638 MHz. Thus, in this case, the Rosa tilt had the same effect 
at both reflection levels although, both reflection levels were in the F region. As yet, there have not 
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been sufficient data collected to teat if, at any instant, the bearing error due to Ross tilts would be 
the sane for radio waves, in a range of frequencies, reflected in the sane layer. 

Around 08-37, there is a gap in the bearing curve which coincides with a crest of a bearing 
perturbation. At this time, the working frequency was above the predicted MUF, for the IF node, of 
11 MHz. Thus, it is safe to assume that, at this time, the skip zone was close to the receiver. One 
possible explanation of the disappearance of the great circle bearing around 08-37 is that the disturbance, 
associated with the bearing perturbation, tilted the ionosphere in such a way that the skip zone moved 
outwards (from the transmitter) beyond the receiver. A few minutes later, when the bearing error had 
decreased (and tho great circle path restored), the skip could well have returned by moving inwards 
(towards the transmitter) and, in doing so, passed over the receiver. This would account for the disap¬ 
pearance of the great circle bearings at a time when there was a relatively large disturbance affecting 
the path. In general, phenomena, such at the one just described, can only be explained with a high degree 
of certainty when an oblique sounder is available over the path. 

Finally, the overall bearing error in Figure 6 tends to be positive. The true bearing of Norddeich, 
from Blakehill, is 66.5 degrees. Thus, both the east-west and north-south components of the systematic 
tilt will effect the overall bearing error for the path. During the morning period, the systematic 
bearing error for a northerly transmitter will be positive while the bearing error for an easterly 
transmitter will also be positive. Thus, for a north-easterly path, the components will combine to give 
a relatively large positive error. For the case of the Norddeich/Blakehill path, this error is again 
enhanced because of the relatively short distance of the path. This probably accounts for the overall 
large positive error observed in Figure 6. 

3.6 Night Time Records 

A typical example of a night time record is shown in Figure 7. In general, the record shows a 
broad spread of bearings compared with the wave like appearance of the day-time records. It is thought 
that the broad spread of bearings, observed during the night-time is due to the night-time ionosphere 
being turbulent. However, only further investigations will clarify this matter. 

Exceptionally, wave like patterns have been observed during the night and such ar. example is shown 
in Figure 8 for Aran Juez (true bearing = 186.6 dogrees). The pattern, formed by the bearing fluctuations, 
is not as clear as those for the day-time records. For this record, the largest bearing perturbation 
occurs at 04-05 with a bearing error of 3 degrees. There is a gap in the record between 04-28 and 04-50 
and this was due to the transmitter going off the air during communication with shipping. 

Tho predicted MUF for the IF and 2F modes at 04-00 was 6.4 MHz and 4.2 MHz, respectively. Since 
the transmitter's frequency was 6.383 MHz, it was reasonably certain that the signal was propagated by the 
IF mode. On the assumption of u simple mirror type of reflection, the component of the ionospheric tilt 
in a direction normal to the great circle path, that would correspond to a IF mode is about 6j degrees. 

This again suggests that relatively large ionospheric tilts are often associated with TIDs. 

The overall bearing error for the record shown in Figure 8 is around zero. For a southerly path, 
the systematic error, at about 04-03, would be about -0.1 degrees and this agrees reasonably well with the 
observed value of the overall error. 

3.7 Bearing Perturbation Per s isting for an Extended Period 

The longest bearing perturbation that was observed is shown in Figure 9. The bearing showed a con¬ 
sistent error of about 2 degrees over the period 20-07 to 21-05* Over this period, the display given by 
the incoming signal appeared almost perfect - as indicated hy the circles. The fact that the bearing 
perturbation does not show a zero crossing (ie, the bearing perturbation gives an error of the some 
sign) obviously shows that the component of the tilt, in a direction normal to the path, did not change 
sign. If it is assumed that the electron density contours, along a cross-section of the ionosphere 
disturbance, are semi-spherical, then the above results implies that the disturbance moved along the 
propagation path, ie, it is moving on a north-south (or south-north) path. The fact that the bearing 
perturbations lasted for almost an hour suggests that the disturbance took about an hour to cross over 
the mid-point of the path. 

3.8 Fastest Rate of Bearing Change and Ship Zone Effects 

The fastest rate of bearing change that was observed during the exercise is shown in Figure 10. It 
occurred on the Prague/Blakehill path between 11-33 and 11-4l during which the bearing error changed from 
+2-} degrees to -2\ degrees, and gave a rate of change of bearing of about 0.6 degrees per minute. The 
corresponding change of the ionospheric tilt, in a direction normal to that of the path, was from about 
+5 degrees to -5 degrees giving a rate of change of about 1.2 degrees per minute. This rate of change of 
the ionospheric tilt Is based on the assumption that the mode of propagation was IF (predicted median 
values of the MOT' for the IF and 2F modes were 18.0 and 12.0 MHz respectively) and that the reflection 
of the radio wave was similar to that of a mirror type of reflection. 

The bearing perturbation between 11-33 and 11-41 has a zero cross at about 11-37- It is assumed that 
the shape of the contours of the ionospheric disturbance, associated with this bearing perturbation, are 
semi-spherical, then a bearing perturbation with a zero crossing could be explained by a disturbance 
moving across the propagation path. In thi6 case, it would mean that the disturbance was moving on a 
north-south (or south-north) path. 

The record in Figure 10 also shows a gap (or partial gap) in the pattern formed by the fluctuation 
of the bearing error. These gaps occur at 10-40 and 11-27. Figure 11 is a continuation of the record 
shown in Figure 10 and an additional gap occurs at 12-09. The gap at 11-2? ie a complete gap whereas tho 
gap at around 12-08 is a partial gap. These gape were due to the failure of propagation along the great 
circle path, and not due to a discontinuous transmission. This was confirmed by the fact that the 
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transmitter was still audible while, at the same time, the display o 
the signal was being received by a scatter mode. The complete gaps 
circle path completely 'dropping out' whereas the partial gaps were 


aperture array showed that 
> the signal on the great 
signal partially dropping 


On each occasion when the great circle path 'drcppe 
of the figure of merit decreased. Further, at these time 
appearing at about +8 degrees off the main pattern. Sine 
that the first nulls occur at about +7^ degrees off the n 


(either complete or partially), the value 
> bearing record showed a cluster of bearings 
measured polar diagram at 18 MHz also shows 
ill, then the cluster of bearings are 


Figure 12 shows the effect when the great circle bearing establishes itself as the skip zone moves 
over the receiver for the first time in the morning. As the signal on the great circle path strengthens, 
the value of the figure of merit gradually increases. This means that the display, given by the incoming 
signal, gradually improves. However, even when the propagation path is fully established, for this 
particular bearing error record, the figure of merit is relatively low. The reason for this is not known 
At around 10-2?, when the working frequency was virtually equal to the MUF for the path, a cluster of 
bearings, at +8 degrees off the main bearing, appear again. This is similar to that observed in 
Figures 10 an3 11. 


Figure 13 shows a break up of the general pattern of the bearing fluctuation. It occurs at arour 
11-51 on 4 December 1970 for the Aran Jue2/Blakehill path. During this break up period, there are a 
considerable number of good bearings - as indicated by the circles on the graph. This is unlike the 
previous examples where a gap (or partial gap) appears in the record and the value of the figure of mei 
abruptly drops - this case is generally associated with skip zone effects. The case illustrated in 
Figure 13 could well be due to the disturbance having a corrugated surface. However, at this stage, it 
is not possible to offer a conclusive explanation. 


Figure 14 shows an abrupt change in the pattern at 19.15. The broad spread of bearings after 19.15 
is generally associated with night time conditions (see Figure 7), whereas the pattern like structure is 
associated with day time conditions (see Figures 2 and 3)• The change in the characteristics in Figure 15 
was probably due to the onset of night which occurs at that time. This phenomenon was repeated on other 
records at the sunset period. 

Occasionally, a change of characteristics has been observed at times when it has not been possible 
to associate the change with either sunrise or sunset conditions. An example is shown in Figure 15 in 
which, around midnight, the pattern gradually changes from a broad band of bearings to a wave like pattern. 
This might have been caused by the mode of propagation changing from single mode to multi mode. Another 
explanation is that the spread bearing record might have been caused by single mode propagation through a 
disturbed ionosphere, eg spread F. There is a gap in the record between 00-16 and 00-30, and this was 
due to the transmitter going off the air during communication with shipping. 


4. PRACTICAL IMPLICATIONS 

In practical radio communication, it is advantageous to use aerial array' 
to improve the received signal to noise ratio. Further, the only limitation f 
minimum beamwidth of the array would be the bearing error caused by the effect 
foregoing results show that, for path lengths less than about 1200 kms, the ef 
the bearing of the incoming sky wave by up to about 4 degrees, rein 








5. CONCLUSIONS 


This paper must be regarded as an interim report as it is proposed to conduct a considerable amount 
of further investigation along the above lines. Nevertheless, the results obtained clearly show that the 
effects of TIDs on radio communication can be important, particularly with regard to the use of fixed 
narrow beam aerials. The bearing records also suggest the presence of systematic tilts in the ionosphere 
but the bearing errors due to this source are generally less than those due to TIDs. 

It is planned to conduct further experiments in order to examine the effect of frequency on the 
bearing error under conditions when TIDs are present. It is also planned to use a vertical sounder at 
the mid-point of the paths in order to deduce the mode of propagation more precisely. 
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MESURE DES RENTES DE L'IONOSPHERE AU VOISINACE DE L'DOUATEUR MAGNETICJE 


par 
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SOtWAIRE 


Des observations, du type Bramley et Ross, de la pente de 1'ionosphere ont etg effectives 
au voisinage de l'equateur magngtique, De jour, ces observations ctaient entravees par la pre¬ 
sence continue d'irregularites intenses dans la region L, maia les pentes observees semblaient 
plus marquees, et prgsentaient un aspect systgmatique que l'on ne voit paa aux latitudes tenperees, 
Elies ftaient dirigges vers l'est dans la journge, et inversaient leur direction au coucher du so- 
leil pendant lea mois d'equinoxe, Le soir, si I'F diffus etait absent, on pouvait observer plus 
clairersent les pentes de la rggion F, Ces pentes observees le soir gtaient beaucoup plus importances, 
et duraient beaucoup plus longtemps qu'aux latitudes temperFes ; elles prgsentaient, en outre, dee 
variations plus rapides et moins marquges, rappelant dans une certaine mesure celles de Bramley et 
Ross, et qui pouvaient etre attributes r.ux ondes de gr&vitg, On dispose des resultats d'observations 
effectu£es au coura de trois nuits, l'urte en hiver, les deux autres en gtg, Dans les trois cas, la 
penie maximale (9 degrgs) avait lieu aux environs de 21 heures (heure locale), moment od se produit 
habituellement 1'augmentation equatoriale en h'F aprea le coucher du eoleil ( cependant, dans le pre¬ 
mier cas (hiver) la direction gtait le Nord, alors que dans le second (gtg), c'gtait l'Ouest, et dans 
le troisigmc (gtg ggalement), c'gtait l'Est. 

Au cours de ces trois nuits, on put voir les effets des variations de fsible amplitude ( 
celles-ci prgsentaient les caractgnetiques algatoires habituelles, et au cours de deux de ces nuits, 
on put identifier les effets des ondes de gravitg, Ces derniires aemblent provoquer des pentes de 
quelques degrgs d'amplitude, d'une durge de vingt minutes environ,"provenant du nord en hiver et de 
1'ouest en gtg. On a pu estimer cette direction A partir de* mesures directionnelles, et on a dgter- 
ming la direction de propagation a partir de I'asymgtrie de la variation de pente avec le taps j 
lee vitesses (b9 a .'07 mitre* par seconde), les longueur* d’onde (38 i 37? las) et les dgplacements 
verticaux (0,13 a 2,21 Lr) ont gtg calculg* a partir d'un modile simple de perturbation ionosphgrique 
itingrante, Le* variations dc faible amplitude ont gtg *gpaiVe* des ccoposantcs plus importantes en 
retranchant les valeur* lxssees des pentes, 
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SUMMARY 

Observations ol' the Bramley and Koss type of ionosphario tilt have been made near the magnetic dip 
equator. During the daytime these observations were hindered by the continuous presence of the intense 
irregularities in the E region but the observed tilts appeared to be larger and to have a systematic tilt 
(biao) not seen in temperate latitudes; the bias was to the east during the daytime and reversed in direction 
at sunset during the equinoctial months. During the evening, if spread F was absent, the tilts of the F 
region could be observed more clearly. These evening tilts were of ouch greater magnitude, bad a much 
longer time soale than in temperate latitudes, and had superposed faster variations of a smaller soale, 
not unlike those of Bramley and Rosa, which mi^ht be attributed to gravity waves. Three nights of 
observations are available, one in winter, two in summer. In all three oases the maximum tilt (9 degrees) 
oooun.au near 2100 hours local time, the time normally associated with the equatorial rise in h'F after 
sunset, but in the first oase (winter) the direction was north, whereas in the second (summer) it was west 
and in the third (also summer) it was east. 

On all three nights the efl'eots of small soale variations were seen; these had the usual random 
characteristics and on two of the nights the effects of gravity waves were identified. The latter appear 
to cause tilt amplitudes of a few degrees, some twenty minutes in duration, and in winter, appeared from 
the north whilst in summer the direction was from the west. This direction was estimated fro' the 
directional measurements and the sense of the direotion of travel was determined from the asymmetry of the 
tilt variation with time; the velocities (49 to 197 metres per seoond), the wavelengths (38 to 376 kilometres) 
and the vertical displacements (0.13 to 2.21 km) were calculated from a simple modal of the IID. The small 
soale variations ware separated from the larger components by subtracting the smoothed tilt values. 

1. INTRODUCTION 

Observations were made by Bramlqy and Ross (1951) in Southern England of the direotion of arrival 
of short radio waves reflected at the ionosphere at near vertioal inoidenoej these observations were 
related to local (usually travelling) perturbations of the ionisation density of tbs ionosphere. 

Bramley (1952) studied the statistical properties of the perturbations in terms of time and distance 
Variations, The apparatus oonsisteu 01 spaoea transmitters wmon emitted pulses and a three dimensional 
direotion finder whioh employed phase comparison teohniques (Ross et al., 1951)• Observation* (Treharae 
et al., 1965, 1969; Treharne 1969) made in South Australia in I960 and in 1968 (using similar but somewhat 
improved techniques) confirmed that, aa might be expected, tilts with similar uharaoteristios were seen in 
southern temperate latitudes. 

This paper desoribas some observations of this type which were made near the magnetio equator 
(at 3 degrees north dip angle) on a few oocasions in 1969/71. During the daytime the influence of equatorial 
sporadlo E Irregularities (Cohen, 1967) dominated the observations; at night two situations may exist, one 
when spread F is formed and a seoond when very slow tilts of greatly increased magnitude are observed. 
Measurement of the F region was made difficult during the daytime by the presenoe of the magnetio equatorial 
sporadlo B (MK(iES) irregularity (Treharne, 1963/ nrough whioh the rays must pass to and from the F region. 
Sven so, some measurements have been possible but it was not praotioable to make oontinuous series of 
measurements of the tilt every few minutes as msy be done when the MEQES irregularities are absent. At 
night, when spread F was absent, exosllsnt tilt measurements were made. These evening tuts contained at 
least three ocimponsnts; a very alow, large component, medium soale components which appeared to be due to 
travailing ionospheric disturbances (T1D), and small scale components of substantially random nature. 

The daytime and sunset t its nay be related tc the drifts shioh have been observed near the 
equator (Harrison, 1965); the north south components of both drifts and tilts were small, the east west 
components of both showed reversals at dusk and Ihe increased variability of the tilts at dusk corresponded 
to the increased velocity of the drifts at this time. However, the scales of these two types of observations 
ure different; the tilt bias may have its origin in long term ionisation gradients of a diurnal nature. 
Certainly the large scale components of the evening tilts appear to lie associated with the post sunset 
rise in h’F (Treharne, 1971) again of a diurnal nature. The small soale vilia appear to be of a substan¬ 
tially random nature, ad reported by Bramley and Russ (1951). 


This paper is concerned primarily with the medium soale components of the evening tilts which 
appear to be caused by TID's and are therefore of some interest to this conference on gravity waves. 

2. APPARATUS 


The apparatus used is shown diagramstioally in figure 1. This is similar to that deaaribed 
elsewhere (Treharne et al., 1969; Treharne 1969/. Only a brief description will be given here. A 5 k.V pulse 
transmitter (pulse repetition rate 50 pulses/s of pulse rtdth 100 n») and a 25 m vertical delta antenna whose 
plans was oriented at 45 degrees tc the direotion of the earth's magnetic field were used to illuminate the 
ionosphere overhead. Echoes from the ionosphere were received on a direotion finder comprising four 
horizontal dipoles oriented in the direotion of the earth's magnetic field and each looated at the corners of 
a square of 100 m diagonal and with two aides in line with the earth's magnetio field. The four dipoles 
were used in pairs to form two orthogonal arms of a three dimensional interferometer; measurements were 





Baoh dipole was oonnaoted via balancing transformers and ooaxial oablea of equal lscgth to the 
inputs of two h.f. hybrid tranaformara giving sum and difference outputs for the first pair' of dipoles 
and similar outputs for the aeoond pair of dipoles. Solid state diode switches were used to oonneot the 
signals from aaoh arm in turn to a twin ohannel reoeiver which converted them to an intermediate frequency 
of 100 kHs, maintaining phase and amplitude equality of transmission through each ohannel of the system. 

The i.f. signals were displayed on a cathode ray oscillograph (CEO) but a fixed 90 degree phase shift 
network was inserted in one lead to the CEO to compensate fear the fixed 90 degree phase shift introduced 
by the hybrids. When a simple wavefront impinged upon the antenna system the signals displayed formed a 
straight line of slope $ which was e function of direction of arrival of the normal of the wavefront with 
respect to the direction of the arm. Thus, for the first arm. 



and for the aeoond arm, 

*0 = — 008 P ( 2 ) 

where * B is th* angle of the trace on the CEO 
a ,p 


a,f> are the direction angles of the wavefront normal with respect to the first and second arms 
raapeotivaly 

A. is the wavelength of the radiowaves 
d is the diagonal spaoing between the dipoles 


The direction angles, being large for near vertical echoes, were used to obtain approximate angles from the 
aenith 8 and 8„ by subtraction from 90 degrees. These angles, which are measured from the zenith, may be 
regardsd“as orthogonal components of the direction, of the returning rays reflected normally at the tilted 
ionosphere. After correction for the orientation of the arms of the antenna with reapeot to the true north, 
these angles may be plotted in cartesian coordinates. 


The intensity of the CRO display was normally adjusted so that the trace waa dark. Automatic 
circuits were used to brighten the display provided both of the following conditions were met simultaneously 1 

(a) the phases of the two signals on the CEO were equal (to within a predetermined tolerance, typically 
10 degrees) for a period of time corresponding to an adjustable number of i.f. cycles (typically 6 
qyoles); this tested the wavefront and avoided asking the simple interferometer to attempt readings 
when the wavefront was oomplex and beyond its resolving ability, 

(b) the time of observation was restricted to the 20tys which followed a predetermined and adjustable time 
delay after the transmitter pulse. 

Provision was made to diaoonneot automatically all toe feeaers from tne receiving dipoles for the uurution 
of each transmitter pulse to avoid saturating the reoeiver. 

3. OBSERVATIONS 


Daytime observations, including some at sunset, were made intermittently for a few months early 
in 1969. With the exoentdon of short periods immediately followed a period of normal Es which occurred 
sometimes in the afternoon, all the daytime and sunset observations were made with great difficulty due to 
the modulation of the direotion of arrival of the rays from the P region by pasaage through the MEQES 
irregularitlea. A feature of the daytime results was a bias to the east of the order of 2 degrees which 
reversed, increased to 3.5 degrees to the west and became more variable towards sunset. These were spot 
observations, made at isolated intervals; it was not practicable to make continuous sets of observations. 

During tho daytime (0600 to 1730) the average tilt was 2 degrees east with a northerly scatter 
of up to 1 degree and southerly aoatter of 1.2 degrees; on one oooasion alone did the tilt move to tbs 
west (0.5 degreesj. At sunset (1830 to 1930) the average tilt was 3 degrees to the west with a northerly 
sostter of up to 1.8 degreos and westerly soatter up to 5.3 degrees; the most easterly tilt observed during 
the eunset period was only 1.8 degrees (Treharne, 1971)- 

During the evening (1930 to 21*00) observations have been made on a few ocuasions, viz., 26 and 
28 November 1970»20 and 21 May 1971. On the 28 November spread F was found to be present and tilt 
observations were not taken due to the v-ty variable nature of the direotion of the returns from the F 
region. However, it was noted that at 6 MHz the A-soan, although spread and varying rapidly in a manner 
reminiscent of the type of eohoes seen from ground baoksoatter, did appear to have a favoured time delay 
for which eohoes were returned strongest and most frequently. This behaviour was consistent with tho 
ionograma associated with a reotangular equatorial spread F which has been described by Calvert and Cohen, 1961. 

On the evenings of the 26 November 1970, 20 and 21 May 1971, on the other hand the spread F 
oondibion was absent but some remarkable tilts were observed; these tilts were strorgiy biased to *he north 
and to a lesser extant to the east, their magnitudes were larger than observed in to operate latitu. es and 
their peried was several tim*s greater than reported to date. The north component of tilt is shown as a 
function of looal time in figure 2. Starting at 2000 hours (5 degrees) the tilt slowly increased, rea ching 
a peak of 9 degrees north at 2100 hours, then olowly reduced to about one degree north at 2300 hours. The 
corresponding easterly tilt variation is shown also in figure 2; it has less magnitude although there is a 
distinot maximum easterly tilt of some 6 degrees at the same time as the peak in the northerly tilt, namely 
at 2100 hours. It should be noted that the general smooth shape of the northerly tilt variation of figure 
2, is also found in the virtual height variations (see figure 3;and that the peak in tho latter appears 
about 30 min earlier than the peak in tilt. 

Measurements of virtual base height (h'F) and the virtual height at 6 MHz have boen scaled from 
the ionograms and plotted in figure 4. Again there is a peak in both parameters around 2000 hours and a 
steady fall of the order of 100 km during the fallowing two hours or so. 


On the 20 May 1974 tha peak tilt occurred at 2010 hour* and had a 
with a corresponding south component of 2 degrees and « height paak (at. tha 
othar bond , on 21 May tho paak tilt was 9 degrees to th* wait and hud a oo 
Plots of the evening tilts are shown in figures 5# 6 and /. 


4. OBShKVAXlON Or' TRAVcLLIWC lOKOSPHUIC LIoTUBBANCiio BY THK TILT MiKTHCL 

ft reel »y and Boss (I9i>1 J published a good example of tha observation of a TIL by asans of 
ionospheric tilt measurements! series of suuh measurements (made at about minute intervals at two stations 
about 27 kzs apart in an east west diraotionj ware plotted in their figure 10. Tho characteristic swoop of 
tha tilt values to a maximum, in this oase in the dlreotion 129 degrees, was seen olaarly at both stations. 
Tha disturbance was seen to ooour at Winkfield after Tho ale by a minute or two, thus confirming that the 
dlreotion of travel wsa 129 degrees and ont tha reoiprooal of 309 degrees (tile opposite sense of dlreotion 
Thus the dlreotion, including the sons* of dlreotion, wee given by the direction of the maximum value of 
the tult, It should be noted that the sense of the ulreoticn of travel of the TIL may also be inferred 
from tha shape of the variation of the ocmponsnt of tilt along the apparent dlreotion of travel knowing 
the shape of these disturbances. Tho latter le illustrated in figure it. An observer on the ground sees 
ray* reflected at normal inoidenoe from the rippled ionosphere; these rays are seen to move slowly from 
the zenith as the TIL approaches, reach a maximum value of tilt, suddenly fall through sero tilt as the 
peak of the TX.0 peases overhead, and then tales negative values as tho trailing edge of the TIL pusses. 

This behaviour osn be aeon in the Theale tilte by readying them along the 129 direction as haa bean done 
in figure 9, using a solid line. The direction of travel of tha TIL is given by the direction of the 
3L02LY changing tilt components (a) which is followed by a VAST return of the tilt value (b) in figure 9 

A theoretical shape lor this curve has teen described by George (<972; following his figure 
B(aJ. This shape is illustrated by the broken line in figure 9. Clarke (l972j has used an approximation 

to the shape of a TID consisting of two contiguous sineweves of different wavelength. He has shown that 

the horizontal phase velocity of propagation of ttye TID, V px , is givsn by, 

V px . 2h (ton 8, ♦ ton 0,)/(T - 2r) (S) 

whore h is tha unperturbed reflection haight 

6, is the modulus of the maximum tilt angle on the leading edge 

t; is the modulus of the maximum tilt angle on the trailing edge 

T is the period of the TID 

t is the time interval between the ooourranoe of the maximum tilt angle on the leading and the 
maximum tilt angle on the trailing edges 
The horizontal wavelength of the TID is 

A x .v px T : u; 

The total vertical displacement is 

I « 2A tan 6, . tan 6 } / n ttan 6, f ton fi 2 J (5) 

It is possible, therefore, to measure at a single site a number of the properties of TIL'* by observations 
of the apparent ionospheric tilts osusad by the passage of the TXL's overhead. However in scum oases the 
tilts produced by the TID'a have superposed large tilt components due to uiurnal effects; this is 
particularly notioeable near the magnetic equator. If the TID effects arc to be studied it is necessary 
to remove the diurnal components by subtracting the tilt values observed fs'om the smoothed tilts. This 
introduces a degrse of uncertainty in the control reierence of the tilt information. It is no longer 
practicable to measure I, and 6, separately, only to measure their sum, A. 


Then, for small values of tilt angle, equation (3) become 
V ■ 2h A/(T -2 r) 


For small tilt angles equation (5j may be simplified t 
I . 2A x e, l,/,A 

Put «c . «j/ (6, * 4*) 


ns ted from tho data of Bromley a 
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MEDIUM SCALE CONSTITUENT OK TUT DUE 


tid 

In addition to the large alow variation In the tllta aaon uoir the magnetic equator sen liar 
aoala variation* ooour, sou figure 7. These emaller and iaator constituents may be separated frou the total 
tilt by the aubtraotion of th# enoothed constituent from the total tilt values. The alow variation has been 
removed and the TID component plotted in figure 10. Note that the aoale of llgure 7 is on* tenth that of 
figure 10. The effeota of two TID'a may be seen in figure 10; both oauae the pattern to be elongated in an 
approximately east and west dlrootioix (more precisely e) eng lOo or 226 degrees from north). 

Since it is necessary to remove the large slow component of tilt by subtracting the smoothed 
tilt values, th* values of figure 10 have no central reference. Even so, msny of the properties of the TID 
may still be obtained aadlaoussod in paragraph d above. 

At least eight TID'a have been identified ir. the three nights for which observations are 

available near the nagnotio equator. The characteristics of these TID'a are given in eumuary in Table 1. 

This table contains the place of observation, date, season, local time, the number of TID’a observed, the 

duration of tbs TID (T), the maxima tilt interval (r), ths quantity (T - 2j ;, the direction of travel of 

th* TID, the maximum tilt excursion (S, + «, « A), ths height of unperturbed reflection (h), th* horizontal 
phase veloolty V , the wavelength of the TID (\ x ;, the vertioel displaoewent (I) calculated on Use basis 
of « ■ O.36, then sounding frequanoy of the radiowavss, and the geomagnetic olanotary index (K ;. For 
comparison purposes Table 1 also has similar characteristics for .ID's observed in South Australia 
(Treharne, et al., 1966), in England (Srauley and Ross, 1951J ano In Queon-lund (Clarice, 1972;. 

6. DISCUSSION 

Although th* tilt data av liable from th* region of the msj?ietio equator is very limited it 
appear* that the TID'* seen by Bramlay and Ross (1951) and discussed by George (1972) oertainly do traverse 
the equatorial region where they may be obasnrei by ,n tilt satthuu. In the evening* (if spread Pis 
absent; several TID'* have been observed having durations of the order 20 minutes. Their direolons appear 
to be seasonally dependent. For this Asian site just north of the magnetic equator, the direction of travel 

of these TID'* in looal winter was from th* north; !• local summer th* direction of travel of tn# TID'* was 

fro* west to mi% The winter otfterveticiu favour the suggestion that TID’a may travel from the winter 
pole; whereas fp>* summer observations favour exoitation by some equatorial souro* (Kent, 1965). 

Observations of layer tilts have also been mad* in Canada by Burtqyk, et al (1962) and rsoently 
more observation* have been mad* by NaoDoug&ll (1966) in Ingland. Stirling, et al (1971) lyve mails 
observations of TID'# *t the magnetic aquator using two incoherent soatter systeoa apaoed aaat and west. 

They observe TID"* travelling in a north/south uireotion thereby oorflrmlng the theoretical predictions 
made by Hook* (1970). On this basis the west-east TID's reported near the megnetio equator (see Table I; 
are unexpected. 

Davie* (1968) has observed by a Doppler technique in equatorial Africa snoopers which he describe* 
os asymmetric atmospherio waves propagating from west to east with velocities in th* range 100 to 150 n/3. 

These swoppers have a period of 60 minutes, ooour at night, have a wavelength oof th* order of 1*00 km, appear 

to be associated with the occurrence of Spread F (not its abaeno*; and have a smrkkd minimum in summer. 

It la unlikely that swoopers are tho same type of disturbanoe as desoribed in this paper. 

Th* TID's seen near the magnetic equator appear to be somewhat weaker, slower and shorter than 
those seen by a similar technique in nngland, South Australia and Queensland, 

7. concluding remarks 

Observations of the direction of arrival of radio wavea reflected at the ionosphere at near 
vertical inoideno# close to th* magnetic equator have ahowu tllta having ; 

(a) a systematic bias to the east of two degrees during the day time 

(b; a three degree systematic bias foith greater variability; to the west at aunset 

(o; large values in the evening* containing alow components which appear to be related to the post sunset 

peak in h'F, medium components whioh appear to be caused by TID's aixi small components of R random nature 

In this papsr the characteristics of a few equatorial TID's are deacribed by observation of the 
lonoapherio tilts whioh tfcsy produce. It sescs possible that th* TID's seen in equatorial regions at 
night may have more than one origin, porfcap* polar In winter ‘'.ad cquatuiiau. in summer. They siay be ol a 
different character; certainly the summer TID's appeared to more more slowly than the winter TID's. The 
latter were directed north to south whereas the simmer TID's were direoted nest to east. These west to 
east TID's have not been observed near the magnetio equator by the tilt method before end current theory 
suggests that their probability of ooourrsnoe ie low. 
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PRODUCTION ET DETECTION D'ONDES ATM3SPHERIQUES ARTIFICIELLES 


par 

L, liszka et S, Olsson 


SOMAIRE 


Les auteurs presentent les risultats prSliminaires de detections d'ondes atmosph6riques 
produites par la focalisation d'ondes de choc engendreeo par des avions supersoniques, Les tra~ 
jectoires de vol furent choisies de faqon que les ondes aooustiques et de gravitfs qui suivent 
l'onde de choc soient focalisecs au sol apres reflexion par la stratosphere^ ou dans la couche E, 
Des ondes infra-acoustiques furent d£cect6es au sol grSce a un corrSlateur infra-acoustique de 
2 Hz a Dans la couche E, les ondes furent detectSes au moyen d'une technique de Bondage vertical 
modifiee. Les rSsultats obtenus au cours de 11 vols d’essai montrent que l'on peut faire appel 
avec succes a la technique de trajectographie pour prSdire la propagation des ondes atmospheri- 
ques qui suivent les fronts de choc. 
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ON THE GENERATION AND Dl.TECTION OF ARTIFICIAL ATMOSFHERIC WAVES 
Ludwik Liszka 
Si.xteri Olsson 

Kiruna Geophysical Observatory 
S-981 01 Kiruna i, Sweden 


ABSTRACT 

Preliminary results of detection of atmospheric waves produced by focussing of shocks generated by 
supersonic aircraft are presented. The flight trajectories were ctosen so that the acoustic gravity waves 
following the shock front were focussed on the ground after reflection from the stratosphere, or in the 
E-layer. Infra-acoustic waves ware detected on the ground using a 2 Hz infra-acoustic correlator. At the 
E-layer, the waves weie detected using a modified vertical sounding technique. Results obtained during 
li test flights have shown that the ray tracing technique nay be successfully used for predicting the 
propagation of atmospheric waves iOllowing shock fronts. 

1. INTRODUCTION 

Propagat ion of atmospheric waves in internal, gravity and acoustic gravity regions may be easily 
studied using the ray tracing method for the group p^i-h developed by Cowling et al. (1). The method applies 

to a model atmosphere with stratified winds. The method is further based on the dispersion relation for an 

isothermal atmosphere and for waves with snail amplitudes only. If the method has to be used for location 
of sources of the natural infrasonic and internal gravity waves produced it high latitudes by auroral 
mechanisms it is necessary to fim a way of varifying it. 

A convenient method of testing cf the method has been found by applying it to atmospheric waves 
produced by supersonic aircraft. It has been stown by Meye - (2) that ti ie slock front produced by a 
supersonic source is in the far zone followed, at any given point in space, by a decaying oscillation. 

The major part of the oscillation energy is located with the uppermost frequency range of internal gravity 
waves and the lowest frequencies of acoustic gravity waves. The waves travelling upw ids are amplified 
(Canids et al. (3) due to the density stratification in the atmosphere. 

The idea of influencing the ionosphere by the sho iks produced by super sonic aircr.. t lias been 

developed by Marcos (4). Flight trajectories of supersonic aircraft were chosen to obtain focussing of 

the shock at ionospheric altitudes. Effects of tlie shock on the ionosphere were detect., I studying 
frequency shifts of radio waves reflected at the point where the waves wer . focus, d. 

In the present experiment, flight trajectories of Saab-35 Draken supersonic airvraft were programed 
in two different ways in order to obtain: 

(i) Focussing of waves on the ground after reflection from the stratosphere at about 40 km altitude. 

(ii) Focussing of waves at the E-layer. 

During the l'» —,t test period, 12-15 January 1971, six flight!: were performed, three along < oh of 
two types of trajectories. In all three flights along the type (i) trajectory, clear ground effects were 
observed. During three fliglt; with ionospheric focussing clear’ effects wv-e observed during two of them. 
During the second test period, 1-3 February 1971, five flights were pel-formed. The flights were performed 
along the type (ii) trajectory, cuttoigh the deceleration ot tlie aircraft in the final port of the flight 
was programmed during 15 seconds to obtain focussing effects on the ground. IXiring four flights rather 
clear- efforts were observed noth on the ground and in the E-layer. During tk flight on 1 Febrv-ry .’71, 
ground measurements ot 2 Hz sign, were imp visible due to a strong wind and the ionospheric measurements 
were uncertain u'c.mse the E-layer reflection was very weak and unstable. Tlie present results jndicat* 
that the r.” tracing method may be s«t' r nctori Ly applied foi ca '■ -illation of flight trajectories for which 
the focussing, oi waves will occur. 

2. CALCULATION OF FLIGHT TRAIL'-TORIES 

Jt Ivis been assumed tt.it the direction of the git up velocity ol the v*ivt: picket .allowing the shock 
front in normal to the stock front. Tlie orientation of the shock front is determined by the <. -ection of 
tlie motion (see Fig. 1) and the Much angle. The Mach .ingle is defined an 

i:iri a - a/ - = 1/M O) 

where a is the 'uoil sound velocity, v is the vloci'y of the aircraft .ml M is the Mto-h number. Foi a flight 
trajectory with ...evation c the slope cf tlie ix: nul t) the upwiril going stock front i„ ;>» given L/ 

tgir -- -U° t r - an-rgd/fT - 1). (2) 


T..e : pruiciple lor foci i'lg of t fie w te pickets is - l» >wn in Fig. a,b 
respectively In order to 'brain fix.-ucsing a toint X >f rays genera'. I 
1 aixl 2 following conditions mu it to tuUl ilied .or any jxiir ot points 


fo,- UMjecicries type (1) and (7), 
along I lie t reject, re '<-tween punt; 


1) Riy 
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flight pt'Ggtvmned for the focussing of infm-acoustic waves ai tto observing site on tin- ground. It may to 
seen ttot tto 2 Hz nigral is mulul4toJ with .1 low frequency. In partioul.tr, in tlx: initial pluse of the 
focussing a period of ? min may to oleJrlv observed. The solid imw on tlx- diagram s!»w: the expected 
start of the infra-ar:ou'jtic signal, calculated under assumption tlvst tlx wives propagate wjih tlx' veto ity 
of sound. The duration of the 2 Hz signal is very large and cannot. be simply explained. No ground wind was 
measured during this experiment. It must tie remembered th»t the wives reran led on the ground tivwc I led 
along a distance of the orxler of >00 km. No acoustic signals were lie.itvl during this experiment at: the 
recording site. 

An example of recotvling of ionospheric effects of shuck focussing during fiigh.: No. on l‘i January i 

shown in t ig. ‘t. Tto recording gives tlx? reflection height of 3 MHz (xtlr.es transmitted from Kiauta. The 
broken line along the time axis shows ttie approximate durat ion of the supersonic part of tto flight. The 
□olid line indicated the part of the flight during which tic infra-acoustic wives lere focussed in the 
E-layer. The solid arrow indicates tt* expected time of arrival of infro-acoustic waves (6-sec period) to 
the 100 km level measured from the start of focussing trajectory. Trie empty .irrow indicates tire expected 
time, of arrival of v*ives with periods close to the Brunt [>eriod (2*i> min). It. may be seen tlwt the reflect.i 
height starts to oscillate much to! ore the expected time of arrival of infra-acoustic wives. This is tlie 
case dui'ing two other flights on Die same day and it is difficult to say if tlx: flights coincided with a 
natural variation ol' the reflection height, or if it tos been caused by shud. waves produced at the* very 
beginning of the supersonic trajectory. Another reason for the edrlier onset of oscillations may be due to 
the fact that the shock front travels, in general, with a velocity V,. larger than the velocity o' wound- 
After Friedman et al. (8) V s is related to the pressure jump in the stock; fi'ont as follows: 



where a is the sound velocity, y is the ratio of specific heats, and s is the relative overpressure. As the 
shock travelling upvezds is amplified (Daniels et al. (3)), velocities appreciably larger than the sound 
velocity may easily be achieved at ionospheric heights even for slocks which are weak in the lower 
atmosphere. 

It is interesting to compare present results with tlose obtained during similar exjjerimwvts by 
Marcos ('•). Ionospheric effects were detected there by <1 phase path technique giving merely the derivative 
of the phase path length. His experiments have shown small phise path changes of the order of I Hz with 
durations from 20 to SO sec. This corresponds to the resulting overpressure at E-layer of 20 per- cent. 
Ionospheric effects observed by Marcos seem to be caused by the redistribution of the ionization during 
the passage of the shock front. Decay iig oscillations following the shock front, which were observed in 
the present experiment, are too slow to be easily observed by the phase path technique. 

The main result of the present experiment is that the ray-tracing technique based on the linear 
theory may be satisfactorily applied in studies of propagation of atmospheric waves following stock fronts. 
The ray-tracing technique may thus be used in studies of the source of atmospheric wives associated with 
the auroral activity. These waves, according to Wilson (2), art? produced by auroral arcs or surges moving 
with supersonic velocity. Accurate ground measurements together with the ray tracing technique an? planned 
to be used for testing the above hypothesis. 

Another interesting aspect of the present, experiment is that even a relatively small supersonic 
aircraft when accelerating in a particular manner may influence in a measureible way the E-layer. 

Only direct rays have been taken into consideration in the present coqjerimcnt. Rays reflected, from 
the ground are attenuated at the ret lection and by the much longer propagation path. For an aircraft 
flying at an altitude of 10 km at Mach 1-42 the propagation path to E-layer for reflected rays is about 
23 kn longer than for direct rays. 
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Discussions on paper presented in Session III 
(R«aio«lectric studies on acoustic (jrsvity waves in the neutral and ionized atmosphere) 


Discussion on paper 22 : "Observations of gravity waves in the height range 50 - TO tan" ,by Q, POMONA, 


Dr. 0. LAHQE - HESSE t Have you made sure that the variations in VLF amplitude an phase you have shown 
are not caused by mode interference T 

Dr. 0. FEROHA : In Turin, the ground wave is presumably very small, since Turin is just behind the Alps, 
The two-hops sky vavo is etrongly attenuated, since the reflection coefficient at the path midpoint is 
very email (the path midpoint is in the industrial area around Paris). Therefore the signal received in 
Turin is mainly due to the first-hop sky wave, and mode interference does not seam to be possible. 


Discussion on paper s6 : "Ionospheric perturbation* caused by long period sound 
Apmllo rocket launches", by Got. RA0„ 


Dr, T.M, GEORGES s 1° - How do your digital-processing techniques account for multivalued Doppler traces 
commonly seen on analog Doppler records and how do you determine when "mode - switching" occurs in your 
equipment ? 

Your frequency-vs time records appear very much like the 3-5 min, waves associated with severe 
storms, including the "beaded" appearance of the wave envelope. This suggests the presence of two closely 
spaced frequencies such as these shown by Davies, Does your spectral analysis reveal the presence of these 
two frequencies t 

Dr, G„t. RAO i 1° - This is one of the disadvantages of using digital recording of the data in our system, 
the stronger mode that appear at the time of digitisation is usually recorded which means that there is a 
possibility of mode switching in our form of recording, 

2°- We have not clearly noticed presence of two frequencies in our spectral analysis of the CW 
Doppler data for Gaturn-Apolio launches. 


Discussion on paper 27 : "Observations of travelling ionospheric disturbances at London, Canada", 
by I. LXTVA. 


Dr. H. RISHBETH : You observed TID's on only nine days out of a period of 1 1/2 years. Does this mean that 
TID’s were rare, or does your equipment eelect only certain kinds of TID T 

Dr. J, 1.1TVA ; I suspect that my equipment, as all TID sensing equipments, is most sensitive to certain 
type of TIC8. The sun, during this period of time f acted aa a radio Bource for a total of only 11 or 12 
days. Therefore my equipment was a TID sensor during this time interval only when the sun was a radio 
source. 

Dr. K, DAVIES : How does the velocity of the TID'c observed by you depend on wave period T 



Dr. P. GEORGE on behalf of Dr. TREHARNE : We would agree that the significance of large slowly varying 
gradients and smaller more rapidly varying tilts to the communicator will in general be rather different. 
The communicator is more often concerned with the relation of his operating frequency to the MUF, and the 
large gradients which vary more slowly in time are of e tnificanct here. Treharne's results do include 
these large slowly varying tilt effects and they must be removed in order to study the occurence of TID's, 
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Dr. J. POTTO Eft s As 1 understood you cannot oti»»rr»4 TID'b during spread F conditions. Is ay assiaiption 
right that TID'a are not, absent when spread F ia evident T 

Dr. P. GEORGE : Since ve cannot usually make observations or angle of arrival with this equipment when 
spread F is present I ea unable to comment on an experimental basis on whether or not TID'a are also then 
present. From a theoretical point of view I would think it most likely that TID's and spread F do coexist, 
I might even speculate that TID's are associated in the same way with the production of same forms of 

Dr, G, UMFAID ; If the amplitude of a TID is sufficiently great, returns may be obtained simultaneously 
from more than one reflection point. Can the equipeent described in this paper deal with multiple reflec¬ 
tions and, if so, are any results available ? 

Dr. P. GEORGE : The equipment described in this paper ie deliberately designed to make measurement of di¬ 
rection of arrival only when a tingle mode is instsntsneously present, that is, it tests for plane wave 
front conditions. The equipment can of course be used to measure directions of arrival on 1st, 2nd or 
any order mode provided only that such measurements are not simultaneously possible. 


Discussion on paper 30 : "On the generation and detection of artificial atmospheric waves", 
by L. LI3ZKA anJ S. olSSON. 


Dr. B. MURPHI : I mn interested in your statement that the infrasonic signal observed on the ground is not 

an N wave, that the high frequencies are filtered out. Does this mean that the signal no longer begins 

with a steep rise or does it mean that the dominant period of the disturbance has increased (as one might 
expect from nonlinear, weak aheck, effects) ? 

Dr, L, LISZKA : As we can see it with our narrow band equipment the rise time of the U - wave does not 
change very much, but there ie a tail of lower frequencies following the H - wave. The larger the distance 
from the source, the longer seems to be the tail. 

Prof. R.K, COOK : The train of sound vaves which follow after the N - wave of a sonic boom might have se¬ 
veral origins. If a supersonic aircraft passes almost directly overhead, a few kilometers above an obser¬ 
ver, he will hear the jet engine noise immediately after the sonic boom. All of the engine noise is con¬ 
tained within the Mach cone of the supersonic flight, end therefore is not audible until the cone has pas¬ 
sed over the observer. When an observer is off to one side, Uo - 50 km away from the flight path, then he 
usually hears a low-pitched rumbling sound. This is mainly reverberation of the sonic boom energy, arising 

from scattering and reflection of the sonic boom by trees, buildings, etc. At the end of a very long pro¬ 

pagation path through the atmosphere, 300 km or greater, the sonic boom energy might reverberate for a 
time duration of a minute or so. The reverberation observed at auch locations is inaudible. The sound wave 
energy is concentrated at infrasonic frequencies. The reverber tion arises frcm scattering of the sound, 
in transit to the observer, by atmospheric inhomogeneities rather han by dispersion in sound velocity at 
various frequencies. 

Dr. L, LISZKA ; A part of the "tail" following an N - wave may of course be due to scattering processes. 
However, a dispersion of sound velocity at different frequencies is a consequence of the dispersion re¬ 
lation for acoustic vaves and should be observed also in case of sonic booms. It is a common explanation 
of wave trains following remote ground level explosions, where the length of the tail and its spectral 
content depends on the distance. 
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to tho E region ambient electric field nay be one hundred ti ses as large aa that in other area that are, 
in all other respects, similar. 

Dr. W. STOKERECEH : A backacatter aounder on 16.8 at Uppsala can he operated with two tranaaitted pulaea, 
the tine delay between then can be varied fron aero to aoae milliaeconda. The returning reflection* from 
both pulaea are coopered and a correlation analysis can be aade in order to atudy the life-tine of ioniaed 
elementa in aurora and faat variationa in backacatter fro* different aourcaa. Tliia double pulae method 
seems to give promising reaulta. 

Dr. H.G. HOLLER : By aveep frequency groundacatter measurement it ia poaaible to trace travelling distur¬ 
bances over a wide range. Such neaauranenta are being aade at Lindau/Harz Heat Germany in a frequency 
range 2.8 - 1«5 MHz wi;h rhombic antennaa twitched in 10 different azimuth directions. 

The range-frequency dependence of the traces ia in very good agreement with the ray tracing cal¬ 
culations made by T.M. Georges (1969) who should that looking in the direction of the movements of the 
travelling disturbances the slope of the tracea ia positive (increasing with increasing frequency). Loo¬ 
king in the opposite direction the slope ia negative. 

As the maximum range of the records ia 2 500 km and focussing takes place near the apex of the 
path, the travelling disturbances can be traced from 1 250 km in the north to 1 250 km in the south. 

Dr. K. DAVIES : My fixed frequency H,K, Doppler meaauranenta show that on fixed frequencies, TID'a appear 
bigger by day than by night. Your data indicate the reverse. Can you explain this T 

Dr. A.D. MORGAN : For the conditions of the experiment, namely, at frequencies near the MUF during Novem¬ 
ber and December 1970, we generally observed more bearing perturbations during the day than during the 
night. However, aome bearing perturbations were observed during the night and examples of these were 
shown in my presentation. As the quantity of data I presented was limited to 2 months, it was too small 
to enable a comparison to be made between the magnitude of the bearing perturbations betveen day and night, 
In fact, in my presentation, 1 gave no comparison between the size of the perturbation during the day and 
night periods j I only compared the occurence. 

Dr. H.G, MOLLER : I would like to support Mr. MORGAN. 

From groundscatter observations at Lindau/Harz West-Germany made with antennas pointing to the 
south we know that the ionosphere is much more stable at night than at day by the following reason : At 
the trailing edge of the groundscatter trace magnetoionic splitting is observed quite regularly at night, 
except for the severely disturbed ones. On daytime records, however, magnetoionic splitting is observed 
only on E-lsyer reflected groundscatter but not on F layer reflected groundscatter. 

As magaetoionic splitting can be observed only if reflecting layer is concentric homogeneous inside 
the azimuthal, sector illuminated by the antenna or if the deviation from concentric homogenity is very 
small, one can conclude free these observations that the ionosphere is much more stable at night than at 
day south of our bachscatter site. 
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SOtMAIRE 


Au cours de ces derniireo annSes, 1'auteur de cet expose a travsill* & la recherche et 
au d£velopponent de modules thioriqucs de plasmas a paramet.res variables dons l'espace, et a uti¬ 
lise cee modelea pour £tudier, a 1'a.ide d'ordinateurs extrSmement rapides, la propagation des on- 
des au sein de ces milieux, 11 montre coseient on peut faire appel a certains de ce_> modeles theo- 
riques pour etudier les effete de premier ordre d'unc perturbation en onde de basse frequence 
(par exeaq>le, una onde acoustique et de gravity d'unt fraction d'Hertr.) sur une onae electromagne- 
tique & haute frequence (de 1'ordre du kilohertz ou du megahertz) se propageant dans l'ionosphere, 

L* auteur d£crit tout d'abord la formulation du sodele et son adaptation au problems fetudie au moyen 
de la thSorie de perturbation, II expose ensuit* , d'un point de vue general, la faqon dont on peut 
utiliser cette thiorie pour calcuJLer les effets de premier ordre produits par l'onde acoustique et 
de gravity aur l'onde 6lectromagn£tir t ue, II achi ve sa conference par une breve discussion de certui- 
nes implications de cette thSorie aur les syst3t.es de communication. 
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AB STRA CT 


During the past few years, the author has been involved in research on the development of theoretical 
models for plasma media whose parameters are spatially variable, arid the use of these models to study wave 
propagation in such media with the aid of high-speed computers. It is shown in this paper how some of 
these theoretical models can be used to study the first-order effects of a low frequency wave disturbance 
(e.g. an acoustic-gravity wave at a fraction of a Hertz) on a high frequency electromagnetic wave (at 
kilohertz or megahertz) propagating in the ionosphere. The formulation of the model and its adaptation to 
the problem of interest via perturbation theory are first described, followed by a general outline of the 
way in which this theory could be used to calculate the first-order effects of the acoustic-gravity wave 
on the electromagnetic wave. Some communication systems implications of this theory are briefly dis¬ 
cussed at the end of the paper. 

1. INTRODUCTION 

In recent years the author has been involved in research on the development of very general mathe¬ 
matical models for analysis of wave propagation in spatially inhomogeneous partially ionized gases and 
the computer-aided solution of the equations comprising these models.(Raemer 1966, Raemer and Verma, 1966, 
1970, Verma and Raemer, 1971, Raemer, 1972). Solutions based on these models contain information which 
could be valuable in studying coupling between acoustic-gravity waves and electromagnetic waves in the 
Ionosphere. 

In Section 3 a linearized electron-ion-neutral model (Raemer, 1966) is discussed as the basis for 
analyzing effects of an acoustic-gravity wave in inducing low frequency disturbances of the ionospheric 
plasma. The wave frequency is extremely low (a small fraction of a Hertz) and the zero-order, (known) 
parameters are those of the undisturbed ionosphere. An acoustic-gravity wave couples with the plasma 
through collisions. The first-order (unknown) parameters are the plasma perturbations due to the acous¬ 
tic-gravity wave. Solution of the equations would result in approximate values of perturbed plasma 
density, pressure, current density and electric and magnetic fields as functions of position and time. 

A linearized electron-plasma model (Raemer, 1972) accounts for vertical inhomogeneities in all 
ambient gas parameters including static magnetic field, and includes effects of gravity and the possibil¬ 
ity of static electric fields. Effects of ions and neutrals, horozontal spatial inhomogeneties and slow 
time variations of ambient gas parameters are not accounted for rigorously, but can be included as 
perturbation terms if desired. 

The application of this later model (Sections 4 and 5) is in the analysis of an electromagnetic wave, 
with wave frequencies In the kilohertz to megahertz range. Superposed on the parameters of the undis¬ 
turbed Ionosphere to make up the "zero-order" plasma parameters are perturbations due to the low frequency 
wave, which could be determined from the analysis discussed in Section 3. These are functions of hori¬ 
zontal position coordinates and time as well as vertical position, but because the periods and wavelengths 
are so long compared with those of the electromagnetic wave, then (if pressure and density departures 
from the ambient values are not too large) these can be considered as perturbations on the basic equa¬ 
tions, in which only v ertical inhomogeneties are accounted for. First order (unkown) quantities are the 
electric field components of the electromagnetic wave propagating through the region disturbed by the 
acoustic-gravity wave. 

In this paper the above set of procedures are described in general (Sections 3 and 4) and a method 
of approximate solution is discussed (Section 5), wherein with suitable approximations one could obtain 
estimates of the magnitude of the influence of an acoustic-gravity wave on an electromagnetic wave 
propagating through the disturbed region. 

Communications people are interested in characterization of a medium in the language of linear systems 
theory; l.e., the medium through which the wave propagates is considered as the equivalent of an electri¬ 
cal filter whose Impulse response and complex frequency response function may be changing slowly with time. 
The results of the analysis in this paper can be cast in these terms (Section 6). Through boundary 
conditions at the lower edge of the ionosphere, a linear relationship between received wave fields and 
transmitted wave fields is described. This relationship is equivalent to consideration of the propa¬ 
gation medium as a linear filter whose impulse response may be time varying. 

2. FORMULATION 

The theoretical models referred to above are formulated with the following equations: 
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p. = ion mass density 
P e = electron mass density 
p. = ion pressure 
p ( = electron pressure 
u.. = ion velocity 
u^ = electron velocity 
= neutral velocity 
t = time 


b = magnetic induction 

p Ql e 0 = constitutive parameters of free space 
q = magnitude of electron charge 
m^ = ion mass 
m fi = electron mass 

v in = i° n " neutral collision frequency 
v en ° e1 ®ctron neutral collision frequency 
v . = electron-ion collision frequency 


Y - -■£ = ratio of specific heats (constant pressure/constant volume) 
e = electric field * ion-electron collision frequency 

g = acceleration due to gravity 

Linearization of these equations is accomplished with the following assumptions (where subscripts 0 
and 1 indicate "zero order" and "first order" respectively.) 


p e ’ p eo + p cl Pe = Peo + p el £■ = + *1 (6 ' 

Using the forms (6), the linearized first order equations (1-1) through (5) are (where zero order quan¬ 
tities may, in general, be functions of time and all spatial coordinates, unlike the usual linearized 
model where these quantities are constant). 
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3. MODEL FOR LOW (ACOUSTIC-GRAVITY WAVE) FREQUENCIES 

In the low frequency case, both ion and electron motions should be accounted for. Vertical variation 
of static parameters is extremely important at those frequencies, because significant vertical variation 
of these parameters occurs within a wavelength or a fraction of a wavelength. Gravity effects are also 
important. Hence a linearized model accounting for these effects and including the ion equations is called 
for in attempting to analyze the effects of an acoustic-gravity wave on the electromagnetic parameters. 

Such a model was formulated by the author a few years ago. (Raemer, 1966). This model also included the 
neutral gas equations but subsequent studies with the model showed, as expected intuitively, that electron 
and .on disturbances do not significantly influence neutral gas motions. Hence one can consider the acous¬ 
tic gravity wave as propagating in the purely neutral atmosphere, solve for the parameters of such a wave, 
particularly the velocity u , and consider the neutral velocity collision terms in the ion and electron 
motion equations (i-1-1) and (e-1-1) as known source-terms. In a more recent paper (Raemer and Verma, 1970) 
we described a method of solving for ion and electron pressures, densities, velocities and electric and 
magnetic fields associated -ith propagating waves. The method was based on postulation of a stratified 
layer model, numerical evaluation of the eigenvalues of the system matrix characterizing the equations in 
each of the layers, and an analytical evaluation of the solutions based on these eigenvalues. This method 
is lludad to in Section 5 of the present paper, in the context of the analysis of a high frequency wave 
influenced by the presence of a low frequency disturbance in the ambient ionosphere. 

We will not discuss further here the analysis required to determine the low frequency electromagnetic 
parameters due to collision coupling with the neutral acoustic-gravity wave. We will only indicate that 
the solutions will yield parameters of the form 


f(z) e^V * k xg x * 


where m is acoustic-gravity viave- frequency and where k X g and are propagation constants associated with 
horizontal propagation. Using the stratified loyer model referred to above, the function f(z) will consist 
of a suit, of vertical propagation modes of the form z*V k zg z , where p is a positive integer that may be as 
high as 2 in the electron-ion case and k will be, in general, complex, indicating both vertical propa¬ 
gation and damping. Assuming that only one of these modes predominates and neglecting others, low frequen¬ 
cy perturbations of the electromagnetic parameters due to the acoustic-gravity wave are of the form 


< - k vo y - k za z) . 


This is used later in Sections 4 ar.d 5 in the discussion of the theoretical model for high-frequency wave 
propagation in a medium permeated by a low frequency disturbance. 

4. f.ODEL FOR HIGH (ELECTROMAGNETIC WAVE) FREQUENCIES 


The assumptions for the EM wave frequency model are: 

(1) Ion and neutral motions are Insignificant and can be neglected (i.e., eqs. (i-1-1), (i-2) and (1-3) 
are not used and u^ = 0. u fjl = 6 in eqs. (e-1-1) and (5-1)). 

(2) Gravity teiiii -i^yp^) in (e-1-1) is negligible. 

(3) The zero-order parameters are as follows: 

P e0 (x,y.z,t) = P e0 (z) + CP e (x,y,z,t) 
e 0 ('',u.z,t) = e^z) + ce(x ,y,z,t) 

“ u or generically 

h 0 (x,y,z,t.) = hg(z) + ch(x,y,z,t) = h Q (z) + r,Re{ |h(z)j Q e' j ( V' xg x ‘ k yg y 'l 
where 


P e0 (x,y,z,t) = P eQ (zl + CP e (x,y,z,t) 
He 0 (**y*z.t) = H e o(z) ^(x.y.z.t) 
b„(x,y,z,t) = Bf.(z) + ;b(x,y,z,t) 


n Q (z) = quiescent value of parameter (i.e., value in the absence of the low frequency wave), 
h(x,y,z,t) * perturbation in zero-order parameter due to the low frequency wave, 
t, = perturbation ordering parameter. 

(4) The high frequency wave parameters are; 

h,(x.y.z.t) -J h/^x.y.z.t) r.\ (8) 

h l = p el* p el ’ u -el' e l or V 

(5) Using (7) and (8), we „et up a new perturbation theory based on the ordering parameter r .. This is 
over-and aboye the perturbation theory inherent in the 1inearization process. The equations are as 
follows. 
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(O) .. (0), 

[ p e-el * Wl J 

are those of high frequency waves propagating in tlie quiescent 
electron plasma. The equations of order ; are those describing the first order effects of the low fre¬ 
quency (Including electromagnetic and electron-acoustic) waves. 

Solution of the equations of order <,^ (Equations I) gives us the parameters uf?\ £.j®^ 

(0) -ei ei ei 

and bj those .issoci»»ed with waves propagating In the ambient medium undisturbed by the acoustic- 
gravity wave. Knowledge of those parameters allows construction of the right-hand sides of the equations 
of order c (Equations II), whose homogeneous forms have already been solved since they are the same as 
Equation I. The right-hand sides of II contain first-order effects of the presence of an acoustic- 
gravity wave propagating in the medium. In this approach, these are contained in source terms rather than 
within the coefficients of the partial differential equations describing the phenomenon. This Is a drastic 
simplification of the physics of the problem. Even with the simplified linearized equations we are using, 
retention of the quantities P e (x,y,z,t), u.(x,y,z,t), etc. on the left-hand sides of the equations and the 
treatment of these quantities as of the same order as {^(z), IT g(z), et<: ’ would 9’ ve us a set of C0U P ,ed 
pa rtial oifferential equations in the variables x,y,z and t. The perturbation approach allows reduction 
oFthe problen, to that of solution of a set of coupled ordinary differential equations In z. The mathe¬ 
matical simplification resulting from this is enormous, although there is a price to be paid in the sense 
that the information we finally obtain is less than we might like. 

The solntionsof Equation System I are of the form e*'^ (1, et’* < xe*’ k ye^, where w e is the E-M wave fre¬ 
quency and k xe and k ye are the horizontal E-M wave propagation constants. From (7) we can conclude 
that there are two sets of terms on the right-hand-side of II. One set of terms (call it T-) is of the 
form e'- i t( ! .» e -u) g )t - (k X0 - k xg ) x •• (k ye ■■ k yg )yj and the other (call it T-*-) of the form 

e -j[(<V* g )t-<*xe + V x *<k ye + k yg )y1. if v*. assume solutions of II of the form e - .H'*»t-k x x-kyy)^ then we 

can consider each unknown in II as composed of two components, one a response to source terms T , the 
other to source terms T , The former is of frequency u = u> - u> , corresponding to a "lower mo3ulation 
sideband", the latter of frequency to = u + <* , corresponding to^an "upper modulation sideband". This low- 
frequency modulation of the E-M wave frequency due to the acoustic-gravity wave is one effect that can be 
expected qualitatively. However, if io e is of the order of megahertz and <o g a small fraction of a Hertz, 
then the ratio of modulation bandwidth to wave frequency is less than .0001%. 

5. USE OF THE ELECTRON-PLASMA WAVE MODEL 


H e0 seO 
"0 q 


Note that the equations of order 


The systems of equations developed in Section 4 fit into the frame-work of a general theoretical 
model developed by the author ot analyze wave propagation in an electron plasma with vertically variable 
static parameters, including a vertically variable static magnetic field. This last feature is a genera¬ 
lization of the author's earlier work on the three-fluid gas (ilaemer, 1966) in which the magnetic field 
is the only static parameter not allowed to vary. The variation of the static magnetic field neces¬ 
sitates an electron drift velocity in source free regions in order to satisfy the zero-order Maxwell 
equation 


7 x ^0 * “0^0 



(9) 


The postulate that u. Q and u „ are zero, standard in linearized plasma theory, must be abandoned 
in order to satisfy (9) unless the vertical variation of b-. is specified as one in which V x b„ * 0. 
This introduces many terms into the linearized equation', and complicates these equations greatly. 

work relating to the general model referred to above is contained in an as yet unpublished paper 
by the author (Raemer, 1972) which will soon be submitted for publication. That work will not be dis¬ 
cussed here. But the model will be used to further discuss the problem addressed in Section 4. After 
Fourier-transformaMon of both sides with respect to x,y and t, or alternatively, choosing solutions of 
-Jiwt-k x-k, 

«? the equation systems (e-1-1-0) through (5-1-0) and (e-1-1-1) through (5-1-1) have been 

manipulated to cast them each in the form of tv- matrix equations: 

y’ Av + s 
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(10 a) 
(10- b) 







where 



s is « 6-element column vector whose .elements are complicated but linear functions of source terms' on the 
right-hand sides of the original equations, A Is a 6 x 6 matrix whose elements are functions of the static 
parameters of the plasma, (E^.Ey.E^) are nonhalized components of the first-order electric, fields, 
^ e lx' a ly’ e lz^ and arc derivatives of these normalized components with respect to a normalized 

z coordinate, 

i'M . 





where (P e ,/? e .U .B ) are normalized versions of (P e j» p e l* u elx b ix^’ c an 8 * 6 matrix of functions of 


the static parameters and d is an 8-element, column vector of functions? of source terms. In the equations 
of order both s^ and d are zero. 

The obvious procedure In solving the system (10-a' and (10-b) is to first solve the differential 
equation system (10-a) for v, then determine w through (10-b), the latter being a trivial step. In the 
context of the present discussion, we are only interested in the field components ( e i x * e '|y« e ^ 2 * b ) x » b )y»t > i J ,) 
of a propagating electromagnetic wave; hence other parameters (such os a p ,,p ,, and the derivatives of 
_ej) present in the solutions are of only peripheral Interest. , e e 

Work Is In progress on analytical (WKB-type) solutions of (10-a), but this work is not yet completed. 

A great deal of work has been done by the author and his co-worker Dr. Verma, some of it alluded to in 
previous papers, cn attempts to treat this class of equations (with large A-matrices, and b x 6 qualifies 
as "large") by direct step-by-step Integration procedures such as Rurige-Kutta. The*-: attempts led to 
numerical Instability problems and were not successful. 1 

As a first step in dealing with this problem, we have reverted to a standard technique of postulating 
a stratified medium with homogeneous layers. In a previous paper dealing with a three-fluid gas (Raemer 
and Verma, 1970) the method of solution was delineated and some numerical results were reported for the 
eigenvalue computation, which is the first and most fundamental stqp in the numerical evaluation of the 
unknown parameters. 

To summarize the technique, the eigenvalues of the A-matrix of (10-a) are first found numerically. 

This has been done for a wide range of parameter regimes characteristic of the ionosphere. At kilohertz 
and megahertz frequencies, the 6 eigenvalues always come out in 3 pairs indicating "upward" and corre¬ 
sponding "downward" damped propagation modes. These two modes in any one of these pairs are not neces¬ 
sarily equal and opposite although they are more nearly so as the influence of the static, magnetic field 
becomes less important. At low ionospheric altitudes, where che plasma is more nearly collision dominated 
than magnetic-field dominated (i.e., collision frequency » electron cyclotron frequency), the up and 
down modes are close to equal and opposite. 

Returning to the problem of finding the solutions of II, we wpuld first solve (10-a) with s - 0, 
resulting in a set ot 6 "fundamental solutions" v{'l(z). Based on these fundamental solutions we would 
construct a "state-transition matrix" t(z,/') and write the solution of (10-a) in the form: 


y(z) 


dz' t(z,z') s(z'). 
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r ju first, term on the right-hand side of (II), i.o., v(/ ( .) contains th< 

wave propagating without the presence of the low frequency wave disturbance. 
o: 1 the equations I in Section 4, which in turn will be used to construct s(/) I 
It. boundary conditions for specification of v(/g) can be chosen as those of < 
propagating in free-space below the Ionosphere. 

The second term of (II) provides the response of any field component., e.q 
associated with tiie low frequency disturbance. This Is a particularly useful 
context of the problem of interest.. To show how the relationship comes about, 
discussion along lines of determination of gifz.Zg). 

In a typical case, the eigenvalues come out as follows: > ( , - y x.,* 

\ y t X.; i.e., two of the three pairs are identical. In this case, within one 


a determined in a tedius t 


j are 6x6 matrices whose values depend on their corresponding eigenvalues 
but straight-forward manner (Raemer and Verma, 1970). 
a linear function of the quantities F f g.j, etc. and that these 
; proportional to products of the form p u .lO). 


We assume that quantities like p have z-dependence containing factors 2 L 9 (v 
if the same sort of uniform stratum theory had been used to obtain these quantitic 


Section 3). We also r 


s that quantities like u : 


; elements of the column vector 4(2,z n ) \ 


where v u '(z) Is the column vector v(z) defined below eos. (10-a) and (lQ-b), but applying specifically 
to the "equations ! and not to equations II. Denoting v(z) for the equation system II by t.he symbol 
v^fz), (11) takes the fonn 


1 line with the remarks above 


s(z) » jz p e i9 p 
Is a constant colu.i 


r invoke (12) and observe that Sg '(2) .1 


1 Cn is a column vector independent of z whose precise form c 


expressions for f p111 ^211 etc - 

By carrying out the tedious but straight-forward integration indicated by (12), (13), (14), and (IS) 
we ccn determine v' 1 ' which will turn out to be a sum of terms with f actors 


where q is a positive integer, zero in most cases but possibly as high as 2 or 3 in others. Each such 
exponential form will indicate the presence of an electromagnetic or electron-acoustic mode of propagation 
and the relative magnitudes of the coefficients of these terms will be a measure of the relative magnitudes 
of these propagation modes. Terns with factors 
(jk + ,\J z 


without the low frequency disturbance. Terms with factors e , whose propagatior 
attenuation characteristics are not affected by the low frequency disturbance, are 
disturbance in the sense that the coefficients of these terms are so influenced. 

6. COMMUNICATIONS SYSTEMS IMPLICATIONS 






case the Item of greatest interest to engineers concerned with such links Is the effective refiec 
efficier , of the ionosphere. Due to the earth's magnetic field, the ionosphere, if it were to b( 
sidered as a lossy medium with equivalent, constitutive parameters determined from simple magneto! 
theory, would be anisotropic.. Hence the reflectivity properties would be expressed through a mat 
the form (where the dependent';'; on wave frequency is explicitly indicated) 


n , , E hp (-) 

R hv (u> “ rxr 


and where E y ^(w) and E^(w) are vertically and horizontally polarized components respectively 
cident wave field and E' vr (v>) and E hr (w) are analagous components of the reflected wave field. 
Allowing both horizontal and vertical components of incident electric field, i«c have 


If the incident wave field propagates in the x-z plane, 0. is the angle of incidence (between the wave 
vector and the vertical) and 0 is the angle of reflection, then below the ionosphere (where subscript 1 
means incident and r means reflected), K . = E.., E , - E , cos n., E . * - E . sin ti.,, E * E. , 


.,(z,z 0 ) F'(z 0 ) + f. 2 (z,z Q ) E'(z 0 ) 


' W z * 2 o> E T< z n) + ll) d4^ z ’ z n^ M z n> 


W 7 ’ 7 !) 5 E y (2 0 } + t ’46 <z,z 0 ) E z (7 0 ) * 


where (^(z.Zq) is the ?.m component of a state-transition matrix (STM). In the case of the unperturbed 
ionosphere, 4>(z,Zq) is the STM indicated in the first term of (13). In the case where the low-frequency 
disturbance is present, the STM is made up from uoth the first and second terms of (13) with the aid of 
(14) by recognizing that Sg(0)(z) is itself a sum of expressions involving elements of the matrix 
4 j(z,z q ) v(z,,). Ir. either case, the STM would be the end-product of an analysis like that which has been 
describe? in Sections 4 and 5. 

We note that (17) gives us electric field components within the ionosphere in terms of field-compon¬ 
ents and their z-derlvutIves at a point Zg, which could be a point below the lower edge of the ionosphere. 
In this case, the values of the indicated components at z n would be 
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E - j>'o cos E hi 


-JVo C0s °r] 


E*(z n ) * jk_ Icos o. sin i), E . 


- cos 0 sin o E 


Combining (18) and (19), we would obtain a set of 3 Independent simultaneous linear algebraic 
equations In the var1ablesE x (z), E y (z), E z (z), E y( ., E hr , 0 r , E yj , E^, Oj. Differentiating (18) with 
respect to z and again Invoking (19), we obtain another set of 3 equations In (z), E^(z) and E z (z) In 
terms of E yp , E hp , 0j, E y j, E h ^, 6 p . Setting z to a value above the level where reflections occur (l.e., 
where we can assume a plane electromagnetic wave whose wave vector has a positive vertical component and 
whose field components are E x ^, E E z ^, and Invoking these 6 equations obtained from equations 
(18) and their derivatives, we will have a set of 6 equations In the unknowns (E x ^, E E z ^, 

E yp , E hr , o r ) In terms of the known Incident wave fields E y1 and E^ and the known angle of Incidence 0^, 
The elements of the reflectivity matrix R(w) can be calculated from these equations. 


Once we have determined R(w), we have available a convenient representation of a frequency response 
matrix for a linear sy r tern with two possible Inputs E y ^ and E^, producing two possible outputs E yp and 
E hr - By Inverse Fourler-transformation of elements of R(u>), we can obtain an Impulse-response matrix 
for the Ionosphere, which might be denoted by r(t). One of the effects of the perturbation due to the 
low-frequency wave on R(w) or r(t), In addition to a possible significant change i , the functional de¬ 
pendence of R(w) and r(t) on and t respectively, is to Introduce a slow time variation (a modulation 
at the low frequency u g ) Into R(w)*, in which case it should properly be represented as R(i»;t) where t 
represents time in this context. Fourler-transformatlng R(w;t) with respect to u>, treating t as a fixed 
parameter, leads to a slowly-varying impulse response matrix r(t;i). 


7. CONCLUSIONS 


The theory which has been described here has not been carried to the point of obtaining numerical re¬ 
sults beyond the computation of eigenvalues of the system matrix. Thus a great deal of work remains to 
be done to assess the effectiveness of this theory in predicting quantitative effects of low frequency 
disturbances of the acoustic-gravity wave type on Ionospheric propagation of electromagnetic waves in the 
kilohertz and megahertz range. It Is felt that the first order effects of these disturbances should be 
revealed by calculations based on this model. There is a possiblity, of course, that revelation of the 
significant effects will require a theory in whichhhorizontal spatial dependence and time-dependence of 
the ambient ionospheric parameters are accounted for more rigorously. The author and one of his graduate 
students considered such a theory (Field, 1971), In which calculations are based on the method of charac¬ 
teristics and the theory was applied to a much simpler problem. However, this represents an entirely 
new order of complexity for the problem at hand and it would be instructive to obtain Information from 
these simpler perturbation models before proceeding to the more rigorous theory. 
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As indicated in Section 5 in a typical case, this modulation effect due to the acoustic 
gravity wave may well be insignificantly small. 

In the bibliographies in References 3 and 4, a large number of research papers by other workers 
relating to this subject are cited. 
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SOWAIRE 


L'auteur expose les rEsultats de simulntions, but ordinateur, de la direction d'arriv£e 
de trajectoires radio ionosphferiques de court- portae, en prf-a«nce d'une perturbation ionoBpheri- 
qua it infer ante d'Schelle moyenne. La representation analytique de cette perturbation eot basee a 
la foia stir das observations rFelles et sur la th6orie des ondes de gravity atmosphAriques internes, 
Les rFsultats des calculs portant sur la dependence & l'Sgard du temps de la direction d'arrivee et 
du deplacenmt doppler, telle qu'on les observerait d'une station au boI, rEveient une bonne concor¬ 
dance qualitative avec les donees observees, L’auteur exastine, pour un point sit-ue a une faible la¬ 
titude et pour un point situe 4 une latitude 61ev£e ( la relation entre les variations de la direc¬ 
tion d’arrivee, telle qu’ellfc est donn£e par les calculs, et certaines caract6ristiques du module 
de perturbation ionospherique itinerants, qui sent responsables de ces variations, 

II feralue 1'exactitude d'un modile gFometrique simple propose pour la correction de pente 
de la direction apparente d'airivee, II uontre comment l'on peut a®eiiorer considerablenent les r6- 
sultats incertains obtenus 4 l'aide de ce module en tenant compte de la direction de la vitesBe de 
propagation et de l'Fcheile de la perturbation ionospherique itinersnte, paramStres deduits d'une 
obsarvstion continue dans den stations espacees, 
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This paper report* tha result* of a computer simulation of the direotion of arrival of abort rang* 
lonoapherio radio ray path* kc tba pi'oaanoa of a Kedium seal* travailing ionospheric disturbance (TIP). 

Th* analytical repraaantation of tha TIP is based both on actual obsxrvatioa* of suoh diaturbanoaa and 
upon tha theory of intaraal ataacdphario gravity <«»•». Computed raaulta of tba tine dependence of 
direction of arrival and dopplar shlft, such aa would b* observed at a ground-baaad station, show good 
qualitative agreement with observation*. Tha relationship between tha oomputed diraotion of arrival 
variations and oartain oharaotariatioc of tha Till nodal that produoad than ia azaalnad at a low latitude 
and at a high latitude location. 

Tha aoouracy of a limpix geometrioal nodal that ha* baan propoaad for tilt oorraotion of apparant 
direotion of arrival ia evaluated. It ia ahown how tha uncertain raaulta darivad fron uaa of this nodal 
nay ba substantially laprovad by taking into aooount th* diraotion of traval, velocity and soal* of tha 
TIC, these parameter* being derived by continuous observation at spaoed stations. 

1. INTRODUCTION 

Measurements of the diraotion of arrival of radio signals reflected from the F region by Bramley 
and Sosa (1951) and Branley (1953) famed on* of tha early nathoda of deteoting end studying travailing 
ionoapbario diaturbanoaa. Thaa* authors studied tha diraotion of arrival variations on an oblique path 
(length a 700 kn) and also near vertical inoidoeoa. They found that tha first order F aoho typically 
exhibits both rapid (second to second) and alow ohangoa of direotion from a quasi-period of a few minutes 
to more than half an hour. They concluded that tbs F layar could ba regarded aa tilted in a random manner 
with an r.a.s. tilt magnitude of a few degrees. 

The herlxontal velocity of th* diaturbanoaa waa measured by th* usual technique of having 
separated receiving sites and measuring time delays between corresponding events. Th* raaulta war* said 
to be oonoiatent with th* peaaage through th* F region of ooapraaaional wave* of a wave-length of several 
hunored kilometre* and of a velocity of order 5-10 kilometre* a minute. Measurement* made on two day* 
suggested that tba observed alow tilts of th* reflecting region war* uncorrelated at points separated 
horiaontally by about 50 Vm. 

Aa far aa tha rapid second to seoend fluctuations in direotion of arrival were concerned, 

Branley (1955) was able to show that a layer of irregular ionisation deoxity within the S region oapablw 
of producing a phase path variation of only 3 metres at a frequency of 5 MH* could aooount for thu quiet 
F layer fast tilt component. Aa would be axpeoted these fast fluctuation* were found to be unoorrelated 
at an interval of a few seconds and observations at stations 27 km apart showed aero correlation. 

Similar observation* of tilt have been observed in South Australia by Trebarae et. al. (1969) and 
also near th* magnetic dip equator (Trehame 1972). During the day-time observation of equatorial tilts 
ia mad* difficult by tha presence of K region irregularities, however, for the dnylight hours (at least 
during March and April) there seamed to bo a systematic tendency for th* tilt vcotor to lie towards the 
seat. At sunset th* tilt veotor moved towards the west. At night, in th* abaenoe of spread F, very large 
soal* slowly varying tilts ware observed; these tilts also included medium and small soale variation*. 

Travelling Ionospheric disturbances (TIDa ) have of oourso bean studied by many methods ranging 
through observation* of direotion of arrival, group path and critical frequenoy variations, long period 
amplitude variations, a.t, ground baokscatter and phase path and frequency variations among others. 
Significant contributions to their atudy have been made by Branley and Roas (1951), Nunro (1950, 1956), 
Valverd* (1958), Tveten (1961), Chan and Villard (1962), Ceorges (1967), Davis and da Roaa (1969), Davie* 
and Jones (1970) and Sterling, Hook* and Cohen (1971) and in recent years it hae been shown that there la 
quantitative agreeme n t between many observed oharacteristioa of TIDa and those expected theoretically from 
the Interaction of the ionosphere and internal atmospheric gravity waves generated below the ionosphere 
by same disturbing mechord am In the lower atmosphere. 

It appears that the energy from auoh a disturbance in the lower atmosphere oan be thought of as 
being duoted horiaontally along the mesosphere with * certain fraction of the energy leaking continually 
upwards. Atawapherio wav* motions reaching the F region would then typically have period* between a few 
minutes and an hour and mould couple into the ionisation by means of neutral - ion oolliaions thus 
perturbing th* ionised portion of th* atmosphere. In th* F region th* ion - neutral collision frwquenoy 
la auoh lax* than th* ion gyro-frequency sc the bulk motion of th* icna is constrained to be along the 
ilreotiun of the Earth's magnetic field. Coulomb force* would requtreuoorreaponding changes in the electron 
density. 


It le apparent then that th* redistribution of ionisation whioh aooompanies th* passage of an 
internal atmospherio gravity wav* is strongly 7 Influenced by tha magnetic field orientation to the 
trajectories of the neutral partial**. In particular at low latitude* Hooke (1970) hes shown that most 






waves observed by ms sna of F region e.lsotron concentration perturbations oan be sxpeoted to ba propagating 
meridionally aini • tha ionisation, which la constrained to retaain slop* tho field llnaa, responds vary 
poorly to waves propagating across tha fiald lines at these latitudes. 

Slnoa ionospharlo Motions impose limitations on the aoouraoy of radio - looation ays teas, in the 
last five years or so techniques for oorreoting apparent direotion of arrival where the ionosphere was 
known to ba perturbed, have been developed. Tha limitation on aoouraoy ia particularly severe at short 
ranges (100 kaj where asisaithal deviations of a fixed remote transmitter oan be aa large as 100 degreus 


Proceeding from the work of Bromley and Rosa (1951) * simple plane-tilted ionosphere model has 
been applied in suoh a manner that the apparent direotion of arrival of a fixed transmitter oan be 
oorreoted for aooording to both the prevailing direotion and magnitude of the tilt veotor normal to the 
overhead ionosphere and to the ionospherio height. This teohnique has been applied by Traherne and his 
oolleagues in Australia in 1967 and more recently by Johnson, Martin and Green (1970 • Results in general 
have been conflicting, being often good but sometimes vary bad. Effort has been expended in automating 
equipment so that apparent ionospherio tilte own be measured more quickly and therefore more olosely in 
time to the meesuremsnts made on the remote transmitter. (Unfortunately a corresponding amount of effort 
has not been forthcoming oonoeming the simple ionosphere Skodel and ita inevitable limitations.) The 
author ia oonvlnoed that the present oooasional unreliability of the tilt-oorrection d.f. method ia 
largely due to inadequacies of the ionosphere model resulting directly from insufficient understanding of 
tha nature of the ionospherio disturbances perturbing the direotion of arrival measurements. 

It is the purpose of this paper to present the results of a computer simulation study of the 
direotion off arrival of short range (loss than 100 km) radio ray paths in the presence of a typioal medium 
scale travelling disturbance. We shall employ an analytioal representation of a TIC developed by Georges 
and Stephenson (1969), the representation being baaed on aotual observations suoh as those of Munro (i960, 
1958; and also upon tha theory of internal gravity waves (Hinss, i960). 

Computed results of the time dependence of direotion of arrival variations and of doppler shift 
will be oomparad with ground-based observations of these quantities in order to establish the quality of 
the simulated TIC. The relationship between direction of arrival variations and certain characteristics 
of tha TIC producing them will be examined at a low latitude and at a middle latitude site. The aoouraoy 
of tha simple geometrical modal that has bean used for tilt serreotion of apparent directions of arrival 
sill be evaluated. It will be shown bow knowledge of tha direotion of travel, velooity and soale of the 
TIC, suoh os oan ba aoqulred by measurement with spaoed stations, oan be uaed to improve tha tilt correction 
prooess. 

2. THE MODEL DISTURBANCE AND RAY TRACING TECHNIQUE 

The F region electron concentration, N, at a given time and plaoe, is represented by 
N - N o (r, 9, 0).( 1 + /?) 

where N (r, 9, 0) is a oonccntrio « - Chapman layer whose parameters have been ohosen to represent a 
daytia* 0 ? layer, aad where 0 ie a perturbation to tha conoentrio nodal- 

Tha «c - Chapaan layer oan be expressed thus t 

V a V' ,xp 1/2 (1 - * - akp(-s) ) 

where f N is the plasma frequency and s is the reduoed soale height which is given by (h - h )/H. h ia 
tha height abora ground, f la tha critical frequency of the layer and h la the soale heigh 1 !;* 

Tha perturbation 0 is g±Y*n by . v / v 

P - 8oxp-((R-R o -s o )H 1 / ) J .oos2v (f ♦ („/2 ■■ «)M/* X * (R-R o )aJ 

where & Q is the radius of the earth 

r, 9, 0 are the apherioal (earth-centred) polar coordinates 
s is the height of maximum wave amplitude 
h” is the wave amplitude 'soale height' 

8 is the wave perturbation amplitude 
A and A are the horisontal and vertical wavelengths 
t* is the time in wave periods 

The numerical parameters ohosen correspond to one of the models used previously by Georges and Stephenson 
(1969) end are as follows f f » 6.9 MHs, H - 62 km, h - 300 km, s - 250 km, H' . 100 km, 6 w 0.15 
m 300 km, X a m 100 km J 

The three-dimsnsional time-varying model represents e TIC originating at the north geamsgnetio 
pole and travelling towards the south. It is thus considered to be typioal of TICs observed hiring periods 
of low magnetic aotivity during e northern hemisphere winter end a southern hemisphere sumser (see for 
example Munro, 1968). The perturbed plasma frequency contours are illustrated in figure 1 which shows a 
north-south section. 

In order to ascertain the direotion of arrival from a given fixed transmitter in the presenoe of 
the TID, and as a function of time as the TID passes overhead, we shall employ a three-dimensional ray-treoing 
program developed by Jones (1966). This program oaloulates ray path parameters by m se e rioal integration of 
a set of differential aquations which define the loous of the ray path and the oomponents of the wave normal 
direotion as the ray progresses through the ionosphere. Tho phase end group refraotive indioes needed for 
evaluating the differential equations ere calculated with the Appleton-Hartree equation free the ionospherio 
models speoified by the user. 








The ray-traoing program allows inclusion of a representation of the earth's magnetlo field a ad 
an earth-oentred dipole model with the north pole looated (it 78.5°N> 291 gecgr*phio coordinates ha# been 
used here. The effeot of inoluding collisions In the calculation of the V region raj paths haa been 
examined and found to be negligible. The exclusion of collisions reduoea the computer execution time by a 
faotor of five for a single ray. The aooureoy of the ray-traoo program is known to be high (Lemarski, 1968). 
(The major error parameter W42 was aet equal to 10“®). 

3. APPARENT DIRECTION Of ARRIVAL 

Let us first examine the apparent fluctuations in position of a number of fixed short rang# 
transmitters at two geographical locations having quite different magnetic dip*. We shall use the same 
nodal TIL at both looations and shall simulate motion of the TXD overhead by stepping the parameter t 1 of 
section 2 st intervals between 0 and 1. for each value of t* wa shall compute the ray paths Joining ths 
looation of a given transmitter with the point of observation. Wa may imagine that wa are looated at the 
point of observation and are equipped with an interferometer with which we can measure the apparent 
direotlon of arrival, both in elevation and in asuauth. Wa not* hers that these parameters, together 
with the lVequenoy of the transmission, are the only quantities relevant to the remote transmission that 
would normally bs measured at the point of observation during the prooeas of radio direotlon-finding. 

We can think of eeah downooaing ray from ths P region ai having undergone a apeoular reflection 
from a plane refleotor situated at a height h' and parallel, to the earth's surface. We oan measure h' at 
s given instant in time and at the appropriate fraquenoy with the aid of a vertical ionoaondo looated oloae 
to the interferometer. In these oirouaatanoas the apparent ground range, d, will be numerically equal to 
2h'/tand* where A' is the apparent elevation angle of arrival of the downooming ray and where the bearing 
of the transmitter will be equal to the apparent bearing, fi ', 

We give in figures 2 and 3 ths apparent looations of three transmitters as a function of t 1 which 
represents the passage of the disturbance overhead. The true fixed looations of the transmitters are 
indioated by the cross in each oase. The variation of apparent looations as a funotion of t' ia in every 
oase vary severe but is typioal of that observed experimentally. It is obvious that accurate d.f. would 
be Impossible unless the distortion or 'tilt' of the reflecting F layer due to the passage of the TIL, oould 
be accounted for ia some manner. 

We wish to draw atteation to oar important feature common to both figures 2 and 3. In each oase 
the bearing daviatlona are in a direotlon parallol to the direotlon of travel of the TIL; thus in the low 
latitude oase (figure 2) the TIL looks as though it is arriving free roughly geographic north and the 
bearing deviations lie along the north-south direotlon. In the middle latitude cage the receiver looation 
is auoh that the TID originating at tho geomagnetic pole seems to ocas from about 8 E of north and again 
the bearing deviations are parallel to this dlrsotion. (in praotioo the sense of direction of travel of 
the disturbance would need to be determined.) 

3.1 Direotlon of overhead ionoapherio tilt veotor: 

A simple way of determining the ahapa end soala of the distorted F region is to measure the 
direotlon of arrival of tha return pulae from a transmitter looated close to the origin. The leading edge 
of the first return pulse should correspond to a ray bundle arriving from a direotlon roughly perpendicular 
to the tilted layer. The tilt veotor will of course vary in magnitude and direotlon as the disturbance 
passes overhead. Again the average tilt vector will lio ia the direotlon of travel of the TID. Wo give 
in figure 4 the 'obaerved' magnitude of the reflecting F region tilt as s funotion of time and spaoe. We 
arbitrarily define the tilt aa being positive when the point of intersection of the tilt veotor and the 
ground is deviated northwards of the origin and we define the tilt angle, c, as the angle between the tilt 
veotor and the sonith, that is the complement of the angle at which the tilt veotor strikes the ground. 

The 'observed' tilt is very similar at both looations. The spatial scale of tho tilt is fixed 
by the assumed model as indioated but the time scale is in a sense arbitrary because we have not yet had 
to specify a velooity for the disturbance. If we assume that the velooity is 10 lov/min. then we have a 
horizontal period of yo minutes which is reasonable and approaches the upper limit of what might be 
termed a medium soale TID. We see from figure 4 that even with a horizontal wavelength of 300 km the rate 
of change of tilt with dlstanoo from the origin oan be as much as one degree in 5 km This rate of change 
is obviously asaooiated with the shape and scale of the refleoting surfaoe, that is roughly, at a fixed 
operating frequency, the shape of the appropriate plasma frequency contour. We indioate schematically in 
figure 3 the relation between the distortion of the plasma frequency contour and the observed tilt. The 
vertical soale of the plasma fraquenoy oontour has been exaggerated but the asymmetry evident is typioal, 
as oan be seen by inspeotion of figure 1. 

4. COMPARISON WITH EXPERIMENT 

Before proceeding to an evaluation of the simple plane tilted ionosphere model ourrently in use 
in short-range direction-finding work we wish to establish the quality of the simulation of the TID. To 
this end we compare observable quantities, derived synthetically by ray-traoing the TIL, with typioal 
experimental observations of these quantities. 

Ws consider first the deppler shift associated with ths passage of the disturbance overhead. 

Davies and Jones (1971) have oonduoted a series of experiments using the deppler technique to Investigate 
medium soale TIDs. We give below an example of a simulation of their doppler reoorde pertaining to a 
middle latitudo aite user Boulder, U.S.A. We give in figure 6 the derived doppler shift appropriate to a 
55 k» path at roughly 90 to the direotlon of travel of a disturbance, together with the derived doppler 
appropriate to vertioal inoidenon. These records may be oompared with a traoing of a typioal doppler 
reoord obaerved on one 25 km leg of their spaced receiver doppler experiment. The oimijarity is obvious 
and the interested reader will find in reference 8 many other dopplsr reoords of disturbanoee displaying 
the typioal features seen here. 
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It will be noticed that as with the tilt angle aimulation the aa/MMtrlo waveform seems to bo 
typical of the a a TILt. In some olrouaatanoe* thia asymmetry oan bo uaod to determine tho a ana a of 
dirootion of travel of tho TXD. It ia perhapa not surprising that tho tilt angle and doppler records 
display similar features ainse it oan be shown analytically that there ia a very close relationship 
between these two variables (Bennett, 1970). 

Let ua now coup are the overhead tilt ar.glo derived as a function of tine fro* the simulated Till 
ray tracing with some experimental results taken from Johnson, Martin and Green (1971). We give in figure 
7 their observed tjlt angle plotted in polar farm. Clearly the aean direction of travel of the TIL is 
along a bearing 25 west of north. In figure 8a we plot this time series of tilt angle without regard to 
sign of the tilt. Thia manner of presentation is oommon but in a sense misleading, because it tends to 
indicate quasi-pariodioities roughly one half that of the true period of the TIL. The oorreot way to 
establish periodicity from tilt angle measurements is first to establish the direction of travel of the 
TIL with respeot to the origin and then to assign positive or negative signs to the observed tilts 
aooordlng to whether they are forward or baokward of a line drawn at 90° to the TIL direotion of travel. 
Ilgure 8b illustrates the result of applying thia procedure. The negative tilts are no longer folded 
back onto the positive axit and the true periodicity of the TIL ia apparent, figure 80 indicates the 
simulated noise-free tilt observations derived from the TIL ray-treeing. There are obvious similarities. 

5. SIMPLE TILT CORRECTION MODEL 

We wish now to consider the simple tilt oorreotion model mentioned previously, figure 9 
illustrates the prinoiple of the method. The ionosphere overhead at an instant in time is assumed to be 
tilted through an angle t from the horisontal. It is further assumed that the instantaneous magnitude and 
direction of the normal vector to the ionosphere can be measured at the origin, C, by measuring the 
direotion of arrival (A t , 0^) of the return pulse from a transmitter looated at, or very near, C. 

The tilt veotor at L ia assumed to be the seme as that at C. for small angles the differeaoe in 
height h' at C and L ia considered negligible in the range - bearing calculation. The ray from the 
transmitter at A is assumed to undergo a apsoular reflection at. the tilted ionosphere at height h' 00a*, 
which is again essentially Jh'. The effect of a small difference Ah' upon the position of a downooaing 
ray at C oan be shown to be negligible compared to the ohangws in position due to the measured differences 
in tilt angle c, 

The simple geometrioal solutions for range and bearing are given in Appendix 1. Mote that the 
tilt veotor and the ray path are ooplanar and that the only observable quantities at C are the quantities 
h', A', 0', and A t , 0^. 

0 Let us consider the effect of using the synthesised tilt measurement (figure 4 gives c(t), and 
0(t) a 0 ) to oorreot the apparent directions of arrival corresponding to low latitudw results given in 
figure 2. The equations of Appendix 1 have been used to oaloulate the true ranges and bearings aa a 
function of t' and these results are a^own in figure 10. Note that an additional transmitter has been 
added at distance 45 km .and bearing 10 . When similar calculations are also made for tho middle latitude 
site it ia apparent that both sites display essentially similar oharaoteristios whioh are entirely 
consistent with praotioal experiences! 

(e) instantaneous position estimates oan be either good or very bad and are about equally 

distributed. Bad results are not transient in time sinoe they oan oocur for up to half a period 
(10-15 minutes). 

(b) the range of the mean position, derived from consolidation of a series of measurements 

spread over one or two periods of the disturbance, always exceeds the true position. This differenoe 
is small whan propagation is in the east-west direotion but becomes progressively larger as the 
aslmuth of propagation approaohes the magnetio meridian. 


Experience gained with ray-tracing various modal disturbances makes it dear that the two offsets 
mentioned above are directly related to two systematic errors made in application of the simple tilted 
ionosphere model. The first error is essentially geametlioal and arises from the faot that the effeotive 
tilt at an ionoapherio reflection point up to 50 km away from the origin in assumed to be the some ss that 
measured tt the origin at that instant in time, figure 4 (or 5) shows very clearly the inadequacy of tills 
assumption since it is olear that the spatial correlation between a tilt measured at the origin and one 
that is effeotive distance d from the origin le not in general a constant for a given diatanoe. Thus an 
interferometer situated arbitrarily at I, 150 km (figure 4) would measure a tilt whioh is almost oonstant 
(iJ.5°) for all distances from 80 - 160 km along the north-south direotion, but whioh ie substantially 
different from that between 160 and 240 km along the seme direotion. 

The isoionio contours associated with a travelling dlsturbanoe are oorrugated along the direotion 























tli* ray path geometry. Saar vertical incidence the ordinary ray path at the apogwe la essentially 
quaal-transverae (Ratoliffa, 1959) and tha ray tanda to sake an angle of 90° with tha direction of tha 
■aghatio field vaotor. Thi* laada to i diitortion of the ray path which in tha limiting oaaa ia referred 
to aa a 'apitaa 9 . Thla ray path diatortien laada to tha ground range aaaooiated with a given high elevation 
angle being extreaaly asimuth 4ep-nd*ut, In figure 12 we indicate tha percentage range error aaaoolateg 
with nggleet of the Barth*« nagnetio field for abort range ray patha having elevation angle* between 60 
and 90 and aniiautha of tranaai alien between 0° and 160°. We define the triangulation range, d, in a 
ooaoentrio ionosphere to be given by 2h'/tan A 1 and we oonpare thia with the actual range an daduoad from 
the oblique ray tr*<K<, Aa can ba a *wq the range error* ariaing fro* nagleot of tha aaagnetio field affaoi 
can ba considerable, rising to 25# at the dip equator for raya propagating along tha meridian. Error* 
deoreaae rapidly with increasing dip ansle but a 10JS error ia still possible at a dip angle of 50°. Range 
errors along tha oast-west direction are in general lasa than 6ft at all dip aegis a. 

6. IMPROVEMENT OF THE SIMPLE TILT CORRBCTION MODEL 

We now oonaider the way in whioh knowledge of the direction of travel, velocity and soale of the 
TIL, suoh as oan be acquired by continuous observations with spaced stations, oan be used to improve the 
tilt oorreotlon process. 

Let us begin by assuming that we have bean abla, by ooutinuous observation, to measure tha 
amplitude and direotion of tha overhead tilt vector at the origin. Let us suppose that while continuing 
to observe the tilt vector we also observe the direotion of arrival of rays from an unknown remote 
transmitter. Our problem is firstly to determine, from the apparent asimuth and elevation angles of tha 
unknown transmitter, the veotor Joining the origin and the remote reflection point. This is given simply 
by equation 3 in Appendix 1. Having established the direotion of motion of the TIL from the tilt veotor 
measurements we then take the oomponent of the origin-to-refleetion-point veotor that Ilea in the direotion 
of travel of the TIL, that is, we oaloulstw the nagnltuda of BC.oos(fL.Q “ $') where fb-rr, ia the direotion 
of travel of the TIL. Sinoe we have observed tha tilt as a function J " u of tine we oan 'oonatruot (and 
continuously update) the «(t) record of figure 4. Knowledge of the velocity of the TIL, determined from 
the time displacements relating to a oommon event (perhaps the large negative tilt perk) observed at the 
3 spaoed stations, will enabla the time soale to be supplemented by a distance soale. Now in order to 
determine the effective tilt at the reacts reflection point at a given time we need only progress from the 
point on the distance soale aorreeponding to the tilt measured at the origin, a diatanoe BC.oos(jzL - 0’) 

in the appropriate direotion along the soale whioh will then indicate the required tilt. 1 

As we have pointed out before when the apparent asimuth fi' is about 90° to the direotion of 
travel of the TIL the tilt observed at the origin will be the same as that observed at the remote reflection 
point. When, however, j6' is along the direotion of travel of the TLD then the tilt at the remote reflection 
point may be very substantially different from that at the origin. If the general oonoept of the simple 
plane tilted ionosphere modal is retained but the tilt at a given remote reflection point ia oalouxated 
as indioated above and this tilt i* used instead of the tilt at the origin, the overall d.f. results oan 
be ahown to be considerably better than those given in figure 10. However this does not seem to be the 
optimum method of using the tilt information. It ia clear that tha ionosphere is tilted to a varying 
degree over the whole ionospherlo path so various ways of averaging the tilt over the path in the 
ionosphere have been tested empirically. It has been found that the spatial average of the tilt measured 
at the origin and that measured at the remote refleotion point gives the moot oonsistent and most accurate 
answers when used in the slmpltt model. 

Thus wo give in figure 12 the results of rsoaloulating tha points in figure 10 but this time using 
the teohnique outlined above. If after consolidation of a number of results extending over at least one 
wave period and oaloulatlou of a mean, the systematic magnetic field oorreotlon is also made, the mean 
consolidated answer le quite reliable, being normally within 5% of the true position. The oomputed bearing 
aoourooy is particularly high, being usually within 2 degrees of the oorreot bearing and often very muoh 
closer than this. 

When the above teohnique is applied at high dip latitudes exoeeding 60° or so, it is occasionally 
fouud that propagation paths passing through ionospherlo regions where the tilt is changing very rapidly 
will give highly erroneous results even when the spatial average tilt nethod is applied. This sewn* to be 
basioally a nagnetio field effect sinoe it doe* not seam to ooour at low dip latitudes. Perhaps the large 
lateral deviation near apogee of the ordinary wave has an effeot oouparable to the tilt effect at high dip 
angles. It is in feat possible at high dip latitudes to generate forbidder nones suoh that no ray paths 
oan exist between a transmitter and a reoeiver some tens of kilometres distant. Under suoh conditions a 
range/bearing polar plot of ground landing points, corresponding to a range of elevation angles at the 
origin, oan assume an extremely distorted appearaooe. It should perhaps be pointed out that for e plane 
parallel isotropio ionosphere the locus of ground range at a constant elevation angle is a oirolo centred 
on the origin (at least up to s 100 km or to). For moderate tilos at reasonable dip latitudes these oiroles 
degenerate into ellipses whose oentro is offset from the origin as indioated in figure 13. For the high dip 
angles mentioned above and for extreme tilts, the range and bearing plot oan have the appearanoe of that in 
figure IA. Under suoh conditions no simple triangulstion modal oan be expeoted to give reliable d.f. result*. 


We have presented the resulta of a computer simulation of the time vari 
arrival of abort range ioncapherio radio ray paths in the prssenoe of a realistic 
ionospherlo disturbance. The quality of the simulation has been established by 
doppler records and reoorcLs of tha time variation of F region tilt angles with e 


tion of direotion of 
medium-soale trsvelling 
omparisen of simulated 
perimental observations 
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instantaneous measurements of d.f. bearings on a remote transmitter oannot be considered to be of equal 
weight. Xn particular those bearing outs taken when the apparent direotion of arrival lies along the 
direction of travel of the TID are oonsideied to be of low reliability, whereas those taken when the 
direotion of arrival lies at about 90° to the direotion of travel of the TID are considered to be of high 
reliability and this is particularly so if the overhead tilt is also less than 2° or so. 

We have related observed time series of overhead tilt angle to the ahape and soale of the TID 
and have abown that a ooaaon method of presentation of tilt angle results underestimates tho periodicity 
of the TID observed by a faotor of roughly two. We have indicated how this may be avoided. 

The aoouraoy of a simple plane tilted ionosphere model hi.s been evaluated and the synthesised 
results show that the uncertain d.f. results commonly seen in praotioe at short range are mainly due to 
inadequacies in the simple ionosphere model. In particular we have drawn attention to two systematic 
errors arising in application of this model. The first essentially goometrio error arises from the 
assumption that the instantaneous overhead tilt is maintained for a ii stance of about 50 km from the 
origin on all azimuths. The rate of change of tils; with distanoo in the oreaeooe of TID's has been shown 
to be strongly azimuth sensitive. 

The second error arises from neglaot of the effeot of the earth's magnetic field upon the iono- 
apherio ray paths and it ia shown that this negleot, which is most severe at low latitudes and in particular 
along the direotion of the magnetio meridian, oan lead to range errors (evia in an unperturbed ionosphere j 
of at least 25& 

Finally w# nave considered the manner in whioh knowledge of the direction of travel, velocity 
and soale of a TID, such as might be obtained by continuous observation with spaced stations, oan be used 
to improve the simple tilted ionosphere modal. We have been able to demonstrate a substantial improvement 
in direotion finding when these faotors are taken into aocount. Nover-the-lesa we have also pointed out 
that at high dip latitudes, short range propagation paths oan be so distorted in the presence of a TID 
that for a certain fraotion of the period of a TID no simple model oan be expected to ao cunt for the 
resulting distorted range and bearing plots. An example of this oiroumstanoe has been given and no means 
of ooping with it are yet known. 
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APPENDIX I 


» (figure 9) 


P8 - h" ein <f (1/ 
QC « h' 00s «/»in A' (2; 
BC - h* cos c/tan A' (3) 
CD* . DB 1 ♦ BC* - 2 DB.BC, ooa (.«f t - 0' ) (4) 
•kl> BA. ala (0 t - jd'j/CD (5) 
True bearing .1 » 0' - Y (6) 
oos (DCO) « (DC 1 + OC 1 - h '*)/Z DC.OC (7) 
•in (DOC) « DC. sin (DCO)/h' ( 8 ) 
(OAD) » w - 2 (DOC) - (OCD) (9) 
AD » sin (ADD),h’/sin (OAD) (10) 
Range ■ CD a AD ( ll) 
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Pig. 3 The apparent position 
60 N dip latitude. 


function of time of three hypothetical remote transmit tars at al 



100 0 100 200 300 

DISTANCE d (km) 


?ig. 4 The magnitude of the ionosphere tilt veotor sa a function of time for both 
(solid lino) and the mi dill e latitude site (broken line),. 
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Fig. 11 Tha syatematio 



Fig. 12 Rsoalculati< 
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QUELQUES EFFL'l'S DES OfJDES DE Q3AVITE ATMDSPHERIQUES OBSERVES 
SUR UNE LIAISON RADIO TRANSliQUATORIALE 


par 

J, RSttger 


SOmAIRE 


L'auteur Studio 1'influence dee ondee do gravitS atmosphSriques eur la propagation 
d'ondot radio iff d'un point ft un autre ft travera 1'ionosphere, dana deux caa particuliera : 
celui ou lea ondea de gravitS se propagent parailftleaent au plan du grand cercle qui joint 
lea extrSsuLtSs de la liaison, et celui od ellea ae propagent tranaversaleueut, 

Dea mature* ont St6 effectuSea le long de la trajectoire radio HF, tranaSquatoriale 
nord-aud, reliant Lindnu (Allemagne de l'Ouest) ft Tauneb (Afrique du Sud-Oueet) i cea meaures, 
rSalisSes ft l'aide d'Smetteura ft ondea entretenuea de frequence fixe, ont rSvSlS dea variations 
pSriodiques et nocturnea de l'amplitude du chaaip, quo l'on suppose etre dues ft une focalisation 
proroquSe par dea ondea de gravitS atmoephSriques se propageant du nord au aud, Dea calcula de 
trajectograpbie siontrent qu'il peut se produire den focaliaatioua pSriodiques loraqu'on utilise 
dea profile ionoephSriques perturbSa pa i dee ondea de gravitS atroosphtriquea. On effectue une 
analyse de densitS d'Snergie dea configurations de l'amplitude du champ enregistrSes, afin d'ob- 
tenir dea indications sur lea prircipales pSriodea de fluctuation. 

On observe dea deviations d'asimut allunt juaqu'ft S0° ft 1'eat et & l'oueat du grand cer- 
cle paaaant par I.indau et Tsimeb ; on peut expliquer cea deviations par la reflexion et la diffu¬ 
sion 1stSrales dues ft dea irrSgularitSs de l'F diffua equatorial. Lea variations du temps de pro¬ 
pagation et de l'axinut indiquent la presence de perturbations ionoepheriques itinSrantes se dS- 
piagant d'ouest er. eat dana it zone Sq\iatoriale, la vitease at la distance horizontal* dea zones 
oil spparaSt pSriodiquament une rSflexion latSrale sont comparables ft cellea relatives aux ondea 
de gravite atmoapheriques. 


434 


incidence angle, and CW fieldstrength measure 
of atmospheric gravity waves on short-wave r 
W.Germany - Tsumeb/South West Africa. Two di 

1. The gravity waves are propsgating in dire 
which is approximately the north-south di 

2. The gravity waves are propagating trar.sve 
west-east direction. 

Besides group- and phase-path variation 
variations in fieldstrength of radio signals 
can be demonstrated by using ray tracing in 
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The plotted signalstrength of the 16.9 MHz signal ia reduced to 1 kW effective transmitter power 
by adding 3 dH to the measured values. The fieldstrength patterns represented by figure 2 evidently 
indicate periodical variations on both operating frequencies. This clearly can be seen on figure 2b 
which is the curve of figure 2a smoothed by digital filtering by means of the filter given in the 
left-hand side of figure 2b. The fading periods of up to 80 minutes and the nearly simultaneous 
occuring of maxima and minima on both frequencies give evidence to the assumption of focussing and 
defocussing due to periodical ionospheric disturbances, which are caused by atmospheric gravity 
waves propagating along the great circle Lindau - Tsumeb. 

2.2. Ray-Tracing Calculations 


The assumption oi focussing by ionospheric profiles perturbed by atmospheric gravity waves 
can be proved by an application of ray-tracing calculations. For this purpose a two-dimensional 
ray-tracing program was developed. As shown by Georges and Stephenson (1969) the effect of lateral 
deviation of radio waves is small and can be neglected if the atmospheric gravity wave is propagat¬ 
ing nearly along the great circle of the radio path. Considering this fact, u 2D ray-tracing is 
sufficient for calculation. This program, furthermore, neglects the earth's magnetic field. The 
signalstrength calculations are basing on the spacing of adjacent ray paths. This "flux-line" 
approximation can be used for practical applications (Croft, 1969)> in spite of the fact that it 
breaks down near the skip distance. Losses at ground reflection and the vertical antenna pattern 
are taken into account. D-layer absorption and E-layer bending of the ray can be neglected because 
of the intended comparison with night-time measurements. The F-layer profile is chosen to be para¬ 
bolic (no FI-layer) and be perturbed by an atmospheric gravity wave. This profile can be analytical¬ 
ly expressed by: 


■ V z) • [1 + 

' '01 • fi - H 


<.«)]. 

~) 2 ], 


3in[2n . (~ - f- - t-)], 


x is the horizontal distance measured from the northern terminal of the path (Lindau), 
z is the height above earth, 

ffl is the plasma frequency, 

foi is the critical frequency of the unperturbed ionospheric profile, 
y m 0 is the semithickness of the parabolic profile, 
zo is the height of the layer bottom, 
z m ■ z 0 + ymO is height of the layer maximum. 


The gravity wave parameters ares 
6 q is the perturbation wave amplitude, 

X x is the horizontal wave length, 

X- is the vertical wave length, 
tg is the time in wave periods. 

The horizontal distance of the wave is xg » x - ng-X x , where ng » 0,1,2,}... The normalized wave 
distance froM the northern terminal of the path ie xj » S (9 tg). The gravity wave propagation is in 
the direction of x. The ionospheric profile given by these parameters is shown in figure }. The 
choice of the parameters « 0 . 1 , X x - 600 km end X z ™ 240 km indicates a medium-scale disturbance 

(Georges, 1968 * Georges and Stephenson, 1969 ). This simplified form of an ionospheric profile, re¬ 
presenting the influence of an atmospheric gravity wave, can clearly indicate the effects of this 
perturbation to oblique-incidence short-wave propagation. 


The HF radio via re propagation on the 7915 km long path between Lindau and Tsumeb can only take 
place via multi-hop propagation. Generally, at least 3F propagation is necessary. To avoid comp 1 exity, 
the perturbation of the ionosphere is assumed to be limited to the ionospheric region in the northern 
part of the path where the first reflection takes place. The further ionospheric reflections are 
assumed to be in a concentric, homogeneous ionosphere with no horizontal gradients of plasma fre- 


Figure 4 shows tie so-calculated range-elevation display for the two fixed frequencies 14.0 MHz 
and 17.0 MHz and 3 F propagation, where ■& is the elevation angle at the northern station Lindau, and 
xp is the horizontal distance from Lindau. xg is the normalized wave distance. As this example evi¬ 
dently indicates, "ripples" are propagating to a closer distance and to higher elevation angles 
when the wave distance xg is increasing. The wave distance xg can be expressed by the time t£, which 
is the normalized time iri wave periods. If the period of the atmospheric gravity wave is assumed to 
be one hour, the time tg - 0.2 (a xg) is standing for 12 minutes, which is the difference in time 
between the different divisions of figure 4. The increasing wave distance xg indicates increasing 

Focussing takes place where becomes small. Regarding, for example, the case of xg - 0.8, 

this focussing is at the minimum 6900 km, the maximum 7800 km, and at the skip-distance minimum 
5840 km. This is for the operating frequency 17.O MHz* the focussing on 14.0 MHz ,u at smaller 
distances. Proceeding to xg - 1.0, the ripples have moved to still smaller distances. The maxima 
and minima at low elevation angles will lead to a focussing effect like the skip-distance focussing 
with a sharp decrease of fieldstrength when the MIJF is passing the operating frequency. A steady 
increase and decrease o' fieldstrength will be expected for increasing xg when only a point of 
inflection occurs on the range-elevation display. This point of inflection as, for example, at. 

5150 km on the operating frequency 14.0 MHz and xg « 0.4 (see fig. 4). 
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lerie profile 
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calculated. ' 


into the two partial modes transmitter - equator and equator - receiver. The p 
(fined by the number of semi-hops (earth - ionosphere and v.v.). For example, 
into uhe 5-3 (p-5) mode, which indicates 5 ( 3 ) semi-hops on the path transmit 
lr an i 3 (3) semi-hops on the path equator - receiver (Tsuraeb). Using a mean i 
ilong the propagation path (a parabolic F-layer with f c - 10.0 HHz, zq « 220 ki 
; mean position of the side-reflection areas, concerning every observed trace, 
>e absolute error of the position finding of a single side-reflection area ia 
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Position of side-reflection areas on the magnetic dip equator. Sunset at the 
dip equator is in the specified heights b. 



Fig. 15 Comparison of observed (fig. 13) and calculated traces, using the mouel of figure 14. 
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Fig. 16 Occurrence frequency of the variation of group propagation time and frequency Af 
due to eastward moving disturbances. 



horizontal (eastbound) velocities v^, calculated 
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PROPAGATION D' IMPULSIONS H.F. D'UNE DUREb INFffilEURE A LA MICROSECONDE 
A TRAVERS DES PERTURBATIONS IONOSPUERIQUES ITTNERANTLS 


par 

G.M. Lerfald, R,B, Jurgens et J.A, Joselyn 


SOWAIRE 


On a uialyag des impulsions H.F, c'une duree infSrieure a la microseconde, revues a une 
distance de 1 500 km a la suite d'une seule reflexion ionospherique par la region F, afin d'etu- 
dier lea effete imposes a ces impulsions par le processus de propagation, Ces impulsions, qui 
etaiert transmises sous forme de trains il'ondes a enveloppe quasigaussienne, avec une largeur d f en¬ 
viron 0,3 u sec, entre points & demi-puibsance, presentaient un spectre d '^mission (d'une forme ega- 
lement. quasi-gaussienne) d'environ 3 MHz de largeur, centrS a 18 MHz, Au cours des sequences, trois 
impulsions etaient transmises a deux secondes d'intervalle au dgbut de chaque minute, Des systemes 
r£cepteurs a largeur de bande variant de 0,5 & E MHz etaient utilises pour recevoir les signaux re- 
flechis. Les donates gtaient offichees but des oscilloscopes a declenchement et enregistrees photo- 
grapbiquement, Des observations diurnes furent effectuges. sur une vingtaine de journges (habituel- 
lement par sequences de It ou 5 jours), au cours de la period* s'etendant do septembre 1969 a mars 
1970. 


Les impulsions enregistrees sent de forme tres variee, Une deo caractgristiques observSes 
est 1'allongement de 1'impulsion attribuable & la dispersionionoBpherique, Bn general, pour un 
rgeepteur de 1 MHz, l'impulsion enregistrge dure environ 15 u sec, Les impulsions enregistrees pr6- 
eentent aussi frgquemnent une structure due au dedoublement de polarisation et a la reception de 
trains a'ondes decales dans le temps provenant de reflexions multiples (plus ieurs saute). 

Certains des resultats obtenuo a partir de l'analyse statistique d'un grand nombre d'impul¬ 
sions (n. 19 000) et de J 'analyse detainee d'un petit nombre d’impulsions individuelles, sont les 


1°) Les repartitions d'apparition des longueurs d'uapulsion donnent les taux effectifs de 
dispersion ionospherique, Cette quantite eat. directement liee a la capacite de transport d'infor- 
■ation du milieu. 


2°) Les traces graphiqueo, par sequence toaporelie, du deiai d'impulsion, donnent l'aupli- 
tude et la periode des changements intervenant dans les parcours equivalent de groupe. La mesure de 
ces changements a ete effeetuge avec un pouvoir sgparateur d'environ 1 u sec, '■ cette echelle, on 
peut observer, meoe par les journees les plus calmes, un spectre de variations dfi probftblement c des 
perturbations ionosphgriques itinerantes, 

3°) D'une faqon gengrele, les caracteristiques des impulsions ne changent gueri duns un in~ 
tervalle de quelques secondes, main uubissent frequemment des modifications marquees star quelqueu 
minutes, 

U°) Une analyse detaillge de certaines impulsions a montrg que l'on pouvait deauire les dgca- 
lages dans le ten pa des composanter provenant de parcours multiples, du cas le plus simple. 


Lea calculs. par 


de dispersion et des effets de polarisation pour 
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P ROPAGATION Or SUBMICROSECOWP Hr PULSES THRO UGH TRA VE LLING 
IONQG P ) ERIC DISTURBANCE:: 

G. I*. Lcrfald, R. B. Jurgens, J. A. Joselyn 
Space Environment Laboratory 
NOAA Environmental .’.asearch laboratories 
Boulder, Colorado 8030? 


ABSTRACT 

Hr pulses of submicrosecoi'd duration, received at a range of .1500 km after a single ionospheric 
reflection from the F region, have been analyzed to study the effects Imposed on the pulses by the 
propagation process. The pulses, which were transmitted as wavevrains of quasi-Gaussian envelope, with 
about 0.3 psec. hetween half-power points, had a radiated spectrum (also of quasi-Gaussian shape) about 
3 MHz wide centered at 18 MHz. Tree pulses were transmitted at two-second intervals at the beginning of 
each minute during runs. Receiving systems with bandwidths ranging from 0.5 to 4 MHz were used to receive 
the reflected signals. The data were displayed on triggered oscilloscopes and recorded photographically. 
Observations were taken during daytime on about 20 days (usually in 4 or 5 day runs) during the per lot’. 
September 1969 to March 1970. 

The lacorded pulses display a wide variation in form. One pulse characteristic is the pulse 
stretching attributable to ionospheric dispersion. Typically, for a 1 MHz receiver, the recorded pulse 
has a duration of about 15 psec. Frequently the recorded pulses also display structure due to polarization 
splitting and to the reception of time-shifted wavetrains from multiple reflection points (multipath). 

Some results from the statistical analysis of a large number (*4 19,000) of pulses and the detailed 
analysis of a small number of individual pulses include: 

L) Occurrence distributions of pulse lengths yield effective ionospheric dispersion rates. This 
quantity is directly related to the information carrying capacity of the medium. 

2) Time series plots of pulse delay give the amplitude and period of changes in group path. The 
resolution of measuring group path length changes was about 1 Usee. On thin scale, a spectrum 
of variations due presumable to TIDs is observed even on the quietest days. 

3) Pulse characteristics typically do not change much on a time scale of a few seconds but often 
change markedly in a lew minutes. 

4) Detailed analysis of selected pulses showed that the time shifts of multipath components could 
be derived for the simpler cases. 

Ray tracing computations of dispersion rates and polarization effects for horizontally stratified 
model ionospheres gave reasonable agreement with the observations. Multipath time delays obtained from 
ray-tracing computations using an ionospheric model with a TID perturbation are also In agreement with 
the range of observed time-shifts. 

1. INTRODUCTION 

for several decades, the most widely used method of probing the earth's ionosphere has involved 
The use of pulsed radio signals in the MF and HE frequency ranges. The duration of the individual pulses 
used for ionospheric soundings has typically been in the range 20 to 100 psec. Pul3e lengths of this 
range provide mi isonably good resolution of the time required for the signal to travel to the ionosphere 
and back to the receiver (i.e., virtual height or. a conventional iouogram) and permit the use of relatively 
narrow bandwidth receivers (i.e., a few tens of KHz), which in turn, result in acceptable signal-to-rioise 
ratios (of the returned signal.) for transmitted peak pulse powers of a few kilowatts. The techniques for 
generating such pulses and recording the returned signals in the form of a conventional ionogram have long 
beer, available. 



at the Stanford Research Institute, (for a description of the system 
1 pulse transmitters capable of radiating eleccromagnetic pulses having 
sec. and peak power of many megawatts. The frequency spectrum of these 
center frequency and i j 2 to 3 KHz wide between the half-power points, 
permits the use of wide bandwidth receivers (i.e., the returned power is 
’cnee from other transmitters within the bandpass can usually be overridden), 
•oximately by /i/y,where y is the receiver bandwidth; thus, a receiving 


propagation effects on such pulses over a 1500 km east-west path 
diagnostic in the study of travelling ionospheric disturbances. 



workers, including Gollfrey (!%5), Price (1968) and Inston (1969), leave developed 
.ions tor the propagation ard reception of short pulses. We will use the elegant 
lit ti9f9) in discussing the subject. Wait assumes a Gaussian shaped envelope for the 
,'nproximateiy the actual shape), which implies a Gaussian shiped frequency spectral 
iulaiion, the time function of the pulse is represented as 
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where V is an amplitude factor, ui Is the angular carrier frequency, and o Is a damping coefficient. 

This leads to the expression 

F (w) = r Q (ir^/a) exp [~B l /(4a* )] , (2) 

for the frequency spectrum, where 0 - 4) - 4) . Halt goes on to assume a transfer function P(uj) for the 
dispersive propagation path which is approximated in the vicinity of 4) by 

3 j P(t»> o ) | exp[-i*(4>)] , (3) 

where *(<i>) = 4 (io q ) + (oa-oO ♦'(Wg) + 

(4)-4> ) 2 *" (oi )/2 (4) 

The primes indicate derivatives with respect to 4) evaluated at 4) . In expression 4, $(u ) * 4) T, 
where x is the "phase delay" of the propagation channel, *'(4> ) = T is°the "group delay" and ° ° 

*"(41 ) = 1/(2W 2 ), where W is a "channel bandwidth". ° 8 

To retain expressions which can be evaluated in closed form, but which are still physically 
realistic, a Gaussiai. receiver bandpass characteristic is assumed. The integral product, over all 
frequencies, of the spectrum of the source and the transfer functions of the propagation channel and the 
receiver channel, yields the detected transient signal to be expected from the receivers; 



where K is the product of the constant terms and y is the receiver bandwidth. The first part of 
expression 5 gives the phase delay component while the second gives the group delay effect which includes 
stretching of the modulation envelope cf the pulse. A pulse duration is defined by setting the second 
exponential of expression 5 equal to r- I 

exp — (t - t ) 2 /(t^)|, where 




( 6 ) 


The stretching of a wideband pulse can be visualized from a conventional ionogram. The change in 
virtual height over an appropriate frequency range, (say, 1 MHz), represents a corresponding change in 
group delay. Obviously, for a very short pulse, all of the frequency components are transmitted 
essentially simultaneously, but because they travel slightly different paths the different frequency 
components are separated in time as they arrive at the receiver. The treatment by Wait assumes linear 
dispersion, i.e., phase variations to the second order are included. The experimental data include many 
examples which indicate that this condition is often satisfied. Figure 1 shows a received pulse typical 
of quiet propagation conditions. The upper trace is a record of the RF signal received at 18 MHz while 
the lower trace is the output of an IF channel with center frequency at 2 MHz and bandwidth 2 MHz. The 
RF signal is mixed with a local oscillator offset 2 MHz from the RF center frequency and the difference 
frequency fed to the IF channel. The IF recording shows clearly the earlier arrival of the lower 
frequency components of the signal, followed by progressively higher frequencies. The oscilloscope trace 
lasts a total of 50 psec. and the pulse has a duration of about 15 psec. 

On the other hand a sizable fraction of the data exhibit more complex behavior which indicates that 
the dispersion is not simple. There are two principal ways the assumption of a simple linear dispersion 
can be violated. One of these is when the group delay versus frequency relationship is nonlinear, end 
the other is when the medium exhibits multiple refringence. The best known source of birefringence is the 
polarization splitting of the signal into the ordinary and extraordinary modes. A second source is the 
presence of spatial structure which permits multiple paths for the energy to travel from the transmitter 
to the receiver. An analogous situation to the latter case is viewing the sun or other source of light 
reflected in a body of water. If the water is sufficiently calm, a single image of the light source is 
reflected, but if turbulence or waves are present, the image is 3een as glints which spread over a larger 
area as the turbulence Increases. 

Our concern in this paper is primarily in the more complex received data which wo believe often 
attributable to the presence of travelling ionospheric disturbances (TIDs). Analytical models of the 
TIDs are used to compute anticipated effects on short pulses which are then compared to the types of 
effects observed. 


2. DESCRIPTION OF THE EXPERIMENT 

During 1969 and 1970, the Space Disturbances Laboratory of the National Oceanic and Atmospheric 
Administration's (NOAA) Environmental Research Laboratories, and the Stanford Research Institute (SRI), 
conducted a cooperative experiment to study the oblique, one-hop HE path from Palo Alto, California, to 
Boulder, Colorado, a distance of approximately 1500 km. SRI transmitted a aeries of submicrosecond 
pulses at a center frequency of 18 MHz. The transmitted pulse was roughly Gaussian in shape with a peak 
power of tens of megawatts. It had a total duration of approximately .5 psec. and a spectrum with a 
fairly flat peak and fast roll-offs at about 1 MHz on either side of the center frequency (Kanellakos, 
1969). According to a prearranged schedule, three pulses, spaced 2 sec apart, were 3ent at the beginning 
of each minute. The pulses were sent during daylight hours for periods of several consecutive days in 
September and November 1969 and January, February and March 1970. 





At Boulder, Colorado, several wideband repel vers and triggered oscilloscopes rare synchronized with 
the transmissions, urid the ionospheriealiy reflected pulses ,were recorded on 35-mm film for'later analysis. 
During the course of the experiment, five different bandwidths (0.5, 1, 1.5, 2, and 4 MHz) were used to 
receive tho pulses. Data from each of these bandwidths have been scaled and analyzed, but the majority 
of the analysis has been done on the 0.5 MHz bandwidth data. This bandwidth was better suited to analysis 
because interference from 3trong CW signals was less of a problem than on the widqr bandwidth channels. 

Several antenna configurations hers employed during the course of the experiment. The pulses wore 
at first received on a sloping-V antenna,' How.ever, early in the experiment it; became clear that the 
received pulses were often distorted duo tc interference between the Ordinary (0) and Extraordinary (X) 
inodes, of propagation. Two log periodic antennas were then mounted in the configuration described by 
Lomasney, at al. (1970) so that the Incoming signals on both antennas could bn summed or differenced to 
yield an 0- or V-mode circularly polariisd cutout signal. The effect of these antennas on a CHIRP- 
tonosonde signal which was propagated over the same path (Palo Alto-Boulder). is seed in figure 2. Both 
modes of the high (Pederson) ray are present for the linear antennas but the summed antennas effectively 
reject the X-mode. figure 3 shows t'h* effect of antenna configuration on a pulse. In each section, the 
upper trace is an I'M representation (the vertical scale in proportional to instantaneous frequency) of 
the pulse; the full width of the oscilloscope- trace is again 50 Jjsac. The beating due to interference 
between the two modes is pronounced on the linear Anrennas 1 but esuputialiy disappears for the polarized 


The scaling procedure used for the data is illustrated i,n figure 4. This pulse was transmitted from 
Palo Alto on November 13, 1969, at 2045:00 UT, and was received at Boulder several milllsecon in .later, with 
a Slopc-V antenna arid a 1.5 MHz bandwidth receiver' centered at the transmission frequency of 18 MHz. All 
of the data frames, which were recorded on 3 5-mm film, were enlarged by .11 to 1 and printed by a zerox, 
process for easier and more accurate scaling. Pour values were scaled from each data frame; the tiipe the 
pulse began and ended,,the pulse amplitude, and the background interference amplitude. The scaled values, 
along with identification and pertinent station log,information were punched onto computer cards and 
eventually written onto magnetic tape for ease of processing. Station time at both the; transmitter and 
receiver sites via:: maintained Co within a : few usee, so the total travel time of ,the pulse could be 
measured very .accurately. The relative pulse delays wohe obtained from the data frames by measuring the 
time from the beginning of the oscilloscooe trace to the beginning of the pulse. Adjustments to the scope 
trigger were made as needed to keep the pulse centered, and these adjustments were included in the data 
processing procedure. 


The dispersive character oi ine ionosphere is responsible for the lengthening of a sub-ycec, pulse 
into a signal which is typically several ysec, in duration. In figure 4, the pulse was dispersed to 
approximately. 12 psoc. Solving equation 6 for the,"channel bandwidth" of the propagation path gives 




(7) 


For the pulse of figure 4, a is taken as 2x10* Hz and y is 1.5x10 s Hz, with the result that W = 0,35 MHz. ; 
A further result given by Wait yields tne receiver bandwidth which will produce the shortest duration 

Y o = [(i/w*) - (l/or 0 )]-’ 5 


If r.x » W, then obviously, y - W, i o., for a wide bandwidth source, the receiver bandwidth should equal 
the "channel bandwidth", if ?ha shortest pulse possible is desired. ' ' 

3. ANALYSIS AMD RESULTS 


There were three major data periods of 3 to 5 days each during which data were analyzed. These 
were November 1969, and January and February 1970. This represents 54 hours of transmission, 70 percent ! 
of which has been scaled. In all, approximately 19 : ,000 pulses were hand-sciled and used for tho 
following analysis. A fourth transmission period was scheduled during the March 7, 1970 eclipse., The 
.Latter data have been subjected to extensive analysis and the detailed results have been reported by 
Lerfald, et. al. (1972). These results are sunmarized in section,3.2. 

figure 5 summarizes the pulse-length information for the three data periods; The November data 
were received at 1.5 MHz, so using equation 7, a'10-pseo. pulse length implies a "channel bandwidth" of; 

.35 MHz. The January and February data were scaled from the 0.5 MHz bandwidth receiver and, therefore, 

10 Msec. of pul3<* length implies a "channel bandwidth" of .22 Mtjz. 

Exair (nation of the data showed that the ionosphere was reasonably stable over a few seconds of 
time. Therefore, tne data points from the three pulses per minute were averaged, which reduced random 
scaling errors, and allowed for simplified data display. In figure 6, the 1-ni.in. averages of pulse delays 
and pulse endings have been plotted for November 10. The pulse length is represented by the vertical bar, 
arid the vertical scale is 300 Msec. This type of plot was made for all data scaled. Thirty Msec, of 
pulse delay corresponds tc a change of 10 Dm of virtual reflection height. Periods of missing data are 
due to equipment difficulties, or loss of signal, 

3.1 T1D EFFECTS 

The variations of pulse delay on Novenbpr 10, 1969 with periods of about 30 minutes seen in 
figure 6, are typical of travelling ionospheric disturbances (TID). Also during this time period pulse 
lengths began small (5-10 Msec.), but later approached 30 Msec, in length. Long pu~ses are more difficult 
to analyze because they generally have a great deal of internal structure and because it is more difficult 
to keep ti em or: scope. (Data are not plotted when the beginning or the end of the pulse drifts off scope.) 
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figure 7 shows data taken 4 days later. The characteristics are similar to the November 10 data, 
but with generally longer pulse lengths. Tor both of these days, there were no observed ao.lai flare* and 
no SID activity. 


In figures 8 and 9, the Boulder magnetograms for these 2 days are shown. Novombnr 10 is fairly 
disturbed; the Ki> indices are mostly in the range 4 to 5 with a 6- from 1200 to .1400, but; on November 14, 
the magnetic field was extremely quiet. Since the pulse data for these 2 days are very similar, th.tre in 
no apparent, correlation of pulse data parameters with the Boulder magnetic field for mild or moderately 
disturbed conditions. The largest, pulse delay changes observed were recorded on February 18, 1970 and 
are shown in figure 10. Here, the pulse data are displayed in the same way as the November data. The 
added points with the connecting solid line show relative group delay at 18 MHz scaled i'vom the CHIRP 
ionosonde system which ran concurrently with the pulse system on this day. The feature of interest is the 
excursion during which the pulses were not tracked. E-layer Doppler records from Longhranch, Illinois to 
Boulder, Colorado, show no similar feature on this day. Vertical .ionograms from Stanford, California, 

Pt. Arguello, California, Boulder, Colorado, and White Sands, New Mexico, were scaled in an attempt to 
trace the direction and velocity of this feature, but poor time resolution (only 1 polnt/15 min.) limited 
the usefulness of this information. However, during these times, Faraday rotation data flow ATS-1 wore 
being collected by Drs. A.V. da Rosa and Michael Davis of Stanford University and Dr. IVnd Smith of 
Colorado State University and were kindly made available to us. 


These data were processed to remove diurnal trends, and are shown In figure 11. By super imposing r( le 
pulso and satellite data, the feature was identified at the times listed in table l. Satellite data 
maxima correspond to the pulse delay minimum because increasing Faraday rotations imply Increasing total 
columnar electron content and, therefore, decreasing pulse travel times. 

Assuming a plane wave front advancing uniformly, the disturbance came from the southeast (H15fl°E) at 
approximately 40 m/sec. Realistically, TID's do not propagate uniformly but are effected by local winds 
at the height of propagation. Also, the feature identification on the ATS-1 Ft. Collins path is net as 
positive as for the Stanford path. The origin of the disturbance is unknown, especially considering the 
lack of general magnetic activity and the apparent direction of propagation. Work to trace the origin to 
the troposphere was inconclusive. The basis for this effort was a papel entitled "Jetstream Activity 
Detected as Wave-like Disturbances at Mid-Latitude Ionospheric F-Region Heights", by (3. B. Goe (1971). 

To our knowledge there were; no major natural or unnatural catastrophic events which might nave triggered 
this disturbance. 


Table 1. Arrival Times for the TID 
of February 18, 1970. 


Path 

Location 

Time of Maximum 
Faraday Rc.tation(UT) 

Stanford-Boulder 
pulse midpoint 

39°05'N, 113°52'W 

1900 

ATS-l-Stanford 
(300 km alt.) 

34°35'N, 125°W 

1840 

ATS-l-FT. Collins 
(300 km alt.) 

37°26'N, 110°15'W 

1700 


3.2 SOLAR ECLIPSE DATA 

Experimental radio sounding data collected on March 7, 1970 have been analyzed with primary Interest 
in detecting any travelling ionospheric disturbances generated by the solar eclipse of that day, as 
postulated by Chimonas and Hines (1970). Data were obtained from the short pulse experiment and two 
oblique and four vertical incidence ionospheric sounders operating during a ti-8 hour daytime period 
centered on the solar eclipse. In addition to the Palo Alto-Boulder CHIRP sounder, a CHIRP system was 
operated by the Stanford Research Institute between Bearden, Arkansas and Los Banos, California. 

Geographic locations of the sounders and of the oblique path midpoints are shown in figure 12. 

Relative delay times at various frequencies were scaled from the oblique ionograms at i nr'nute 
(Palo Alto-Boulder) and 2 minute (Bearden-Los Banos) intervals. These data were then processed by a 
digital computer ajjd plotted by a CRT plotter. Figure 13 is an example of these scaled CHIRP ionograms for 
the Beardan-Los Banos path, where relative group delay is plotted versus time for several frequencies. 

The extraordinary mode on vertical ionosonde data from Boulder, Colorado; White Sands, New Mexico; Point 
Arguello, California; and Mexico City, Mexico was similarly analysed. 

Data from the short pulse experiment are presented in figure 14, which shows the variation of the 
starting times of the received pulses relative to time of transmission of the pulses (dashed carve) and 
the duration of individual pulses (solid curve) in p3ec. The solid curve shews several peaks in the pulfa 
length parameter. These coincide with times when the pulse delay is tending toward a maximum and may be 
indicative of multipath conditions which are likely to occur when the reflection region is in the "rarefied" 
portion of a pressure wave travelling approximately perpendicular to the ray path. At such times, rays which 
leave the transmitter at azimuth angles slightly off the great circle path to the receiver, may be 
refracted sufficiently to cause focusing and pulse lengthening. Displacement of the peaks in pulse length 
with respect to the corresponding peaks in times of pulse starts in qualitatively consistent with tilts 
in the isoelectronic contours within a travelling disturbance. 
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Partial obscuration of th# aolar disc during the eclipse reduces the Ionizing radiaHou flux and 
thin fill usually mult in a reduction in electron concent.ration at any specific height. For example, 
at Mexico city, on 9 MHz, a 100 km virtual height Incrnase peaks at 1755 GMT, about 25 minutes after 
maximum obscuration. At the northern stations, where thin effect will be lass, changes In reflection 
heights minted to the eclipse shadow are masked by other disturbances. 

Study of the sounder data at the several stations Indicates that T.TDs travelling In a generally 
north-to-aouth direction were present between 1600 and 1030 CMT. Passage of a Til) Is manifest on the 
Boulder (1614 GMT) and Point Arguello (1S28 GMT) ionogrnms by "forked" satellite traces. The peak arrival 
times are consistent with a wave travelling at 400 m/sec. from an azimuth about: 355 dograec. (east of north). 

Chi.uonas and Hines (1970) predicted focusing of different bow wave compone ts, from the postulated 
TID, near California just after 1900 GMT. Generally in our data between 1830 and 1920 GMT there are 
only small scale fluctuations with a gradual decay in virtual height which coincides with the uncovering 
of the sun. Exceptlonn to this statement are the oscillations in the Palo Alto to Boulder data from 1900 
to 2000 GMT which might have resulted from continuation of the Tibs observed earlier. Also, at 3oulder a 
30 km virtual height incroase at 1025 GMT does not appear olsewhere. Hence, there is no evidence of an 
eclipse induced TID during the 1830-1920 period. 

Between 1930 and 2030 a disturbance with a generally cast-to-west direction of travel was observed. 
The direction of arrival is G0-70° away from that predicted for an idealized bow wave generated by the 
moving eclipse shadow (M40° oast of north). The difference could arine from thi assumptions about the 
propagation of the postulated disturbance from the eclipse path t:o the observing sites, or ar. eclipse- 
generated disturbance could suffer interference from other travelling disturbances t.o give a modif ied 
apparent direction of travel. Based on our data it is not possible to attribute conclusi/ely this TID 
to the eclipse. 

3.3 CORRELATION STUDIES 

To check the dependence of pulse delay, .length, amplitude, and background amplitude on each other, 
and on solar renith angle, cross-correlation studies were done for six selected intervals of data 
encompassing approximately 16 hours of data. The data were selected to exclude periods during which the 
receiver gain c; center frequency were changed. For every case, the two quantities being correlated were 
also computer plotted with one as a function of the other,. After inspecting the plots for non-zero time 
ljgs and the appropriateness of linear correlation, more sophisticated correlation techniques were 
deerntd unnecessary. 

Pulse delay r.nd the rate of change of pulse delay were shown to be uncorrelated with pulse length 
for the cases tried. However, ore can construct specific cases for which the ionospheric dispersion is 
nonlinear over a small interval of frequency. Then, increasing dispersion(i.e., pulse length) and 
increasing path length would be correlated. 

Pulse delay and pulse length were interpreted as uncorrelated with pulse and background amplitude. 

An apparent slightly positive mathematical result between pulse delay and background amplitude, and pulse 
length, pul3e, and background amplitudes is attributable to a bias in the scaling procedure. If a pulse 
uas a large signal to noise ratio the scaler is able to determine more accurately the time of pulse start 
and end. 

The experimental conditions were such that the measurements were conducted between the hours 1700 
IP (10;00 a.m , KST) and ?40fi UT (5:00 p.m., MET). Therefore, the solar elevation at the path midpoint 
ranged from a high near 42° ip February to a lot; near 5° in November. The correlation computations show 
no strong dependencies among the variables, but pulse delay was always positively correlated with solar 
elevation angle and pulse length was generally negatively correlated. Pulse amplitudes were uncorrelated 
with solar elevation, but background amplitude correlations fluctuated from case to case and showed a wide 
range of values. Apparently the noise sources were variable and external to experimental parameters. 

Figures 15 and lb show frequencies of pulses spaced by one minute intervals in time. Pulse durations and 
neak amplitudes remain fairly constant in each sequence, but there is considerable complexity in the 
detailed structure of each pulse. We believe that the modulation seen within these pulses is the result 
of time-shifted wavetrains (cue to multiple reflection points in the ionosphere) which interfere with one 
another when mixed (r. the receiver. From figure 15, two multipath components with group delays differing 
by about 3 pcec. and a third component displaced in time by 12-15 Visec. are implied. 

These type of data tend to occur during tines when other evidence indicates the passage of TIDs. 
Computations of expected multipath effects using ray tracing through reasonable TID models are described 
in the next section of this report with results that support the magnitudes of multipath time-shifts 
observed on the pulse data. 

4. RAY-T94CS: STUBISS 

The purpose, rf this Jtuay was to investigate the temporal relationships between various homed 
multipath components of a monochromatic signal propagated through a travelling disturbance. For this study 
the ionospheric, electron density model consisted of in a-Chaprnan layer on a curved earth with no magnetic 
field and no collisions, but with a perturbation consisting of a "gravi- y-wave" irregularity travelling 
from the north to the south. The electron density, N, is given by 


N -- N (1+A) 

A a 0 (exp- (K-P o -Z >/H 3 * cos2ir(t’ + (ir/2-0)« o /X 

+ (R-« o VA ). 
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Th« earth's radius to R ; R, 0, if are earth-centered spherical coordinates, N U (K, fl,i<>) Is the 
K-Chapman electron density modSl. The perturbation. A, has a Gaussian amplitude distribution about 
height Z , and vertical and horizontal wavelengths A and A , respectively. An example of propagation 
near ver?lc.al incidence Into a Til) with a 300 km horlzontal x wavelength Is shown In figure 17. 

Model studies for the nonhomogeneous Ionosphere were based on a three-dimensional .vay-tracing 
program developed by R. M. Jones (1900). This computer program calculated ray paths through a medium 
whoso index of refraction varies in three dimensions. Six differential equations similar to those 
described by Haselgrovo (1954) are numerically integrated. Additional differential, equations are 
integrated which supply supplemental information such as a group path, phase path, absorption, and 
Doppler shift. 

Some general properties of HF propagation through travelling disturbances are illustrated in 
the next two figures. Figure 18 is a ground projection of rays transmitted at a constant elevation angle 
and swept through a small range of azimuth angles. It shows the variations in range and final azimuth 
that can occur when propagating through an irregularity. 

Figure 19 illustrates a number of points. In both figures the dashed line represents calculations 
from a concentric ionosphere and the solid curves represent calculations for a wave model with a 
..orizontal wavelength of 100 km. Both are for a frequency of 17 MHz. The solid range-elevation curve on 
the left shows elevation focusing and defoci sing. Focusing occurs when the rate of change of range with 
respect to elevation angle is small. This corresponds to reflection from concave portions of isoionic 
contours. 

The curve on the right shows the variations in the azimuth of the landing point with respect to the 
transmitted azimuth for a constant elevation angle, 6. Analogous to elevation focusing, azimuthal 
focusing takes place when rays transmitted at different azimuth angles land at the same azimuth from the 
transmitter. 

This plot permits determination of whether or not multipath focusing is possible for any set of 
ray trace parameters. If the solid curve contains only inflection points and no local minima, no multipath 
focusing is possible. This will happen when the ray does not penetrate very far into the disturbed region 
or when the TID wavelength is very long. In either case the horizontal gradients in electron density 
at reflection heights are not great enough to permit azimuthal focusing. 

Even when azimuthal focusing does exist, however, the range at which these rays land is usually 
different from each other. By varying the elevations we can construct a family of curves in the 6, $ 
plane as shown in figure 20. The sweep of elevation angles is made large enough to include the homing 
range, if it exists, at any particular landing azimuth. Since the ray tracing program does not have a 
homing feature, a procedure was developed to scan through a range of azimuth and elevation angles and ray 
path parameters such as range, group and phase path, and azimuth and elevation deviations were computed 
and then output onto punched cards. Using these data, homing on a given range and azimuth is accomplished 
using a Lagrangian interpolation scheme. 

Calculations were restricted to nearly east-west propagation at 18 MHz and a homing range of 1500 
km. These parameters are approximately those of the short pulse experiment. The a-Chapman model 
parameters used in the ray trace study were f = 8 MHz, H = 250 km, scale height = 62 km. The MUF 
with this model at a range of 1500 is about 22 c MHz, which ?s near the observed MUF during midday. All 
TID models used had the maximum wave amplitude at a height of 250 km and a vertical wavelength of 100 km. 
Horizontal wavelengths of 50, 100, and 300 km have been used with 10 and 15 percent wave amplitude 
perturbations. 

For a model TID with 50 km wavelength and 10 percent perturbation the group path variations between 
the different homed rays range from 4 to 18 km which corresponds to group delay variations of from 12 to 
over 50 microseconds. Rays were homed over elevation and azimuth ranges of 1 and 3 degrees, respectively. 
For the model parameters used the reflection heights are in the 160-170 km range. With the height of 
maximum wave amplitude at 250 km the wave perturbation at the 165 km level is around 4 percent. Even 
though this is large enough for multipath focusing from the 50 km TID with a 10 percent perturbation it is 
not the case for irregularities with horizontal wavelengths greater than about .100 km. 

For a TID with a 100 km horizontal wavelength and a 15 percent perturbation amplitude we obtained 
multipath focusing with ranges of delay time, azimuth and elevation angles of up to 80 ysec., 6 and 3 
degrees, respectively. No multipath focusing was obtained for a TID with a 300 km horizontal wavelength 
and a 15 percent perturbation amplitude. 

5. CONCLUSIONS 

The following conclusions are drawn from the analysis and interpretation of the data described 

(1) The use of very short HF pulses to study ionospheric propagation provides unique information 
on the propagation mechanisms. The method provides a physical analog to the powerful 
mathematical technique of using delta function analysis of a frequency-dependent system. 

(2) At times the ionospheric response exhibits in a textbook manner the expected behavior based on 
magnetoionic theory. This is true for the effects of dispersion and magnetoionic splitting 
of the signal into the ordinary and extra-ordinary modes. 

(3) For the 1500-km range, polarized antennas can be used to reiect one of the circularly 
polarized modes witfi sufficient efficiency to eliminate an appreciable fraction of the effect 
of magnetoionic splitting. This may not be the case for larger ranges where the signal 







arrives with very 


1.1 elevation angles. 


(4) During an appreciable fraction of the total observing time, the pulse signals exhibit complex 
behavior which la not explainable by the classical propagation effects through a smooth 
ionosphere, Analysis results point to spatial nonhomogenlety in the ionosphere as being 
responsible for small-scale multipath effects which can account for the complex behavior 
observed. The longest continuous period of complicated pulse structure occurred on 
February 13, 1970, accompanying the passage of travelling ionospheric disturbances of 
unusually large amplitude (virtual height changes of approximately 60 km peak to peak). 
However, the nonhomogenelties were net severe enough to appear as "Spread F" on the concurrent 
CHIPP ionograms. This is not surprising because the pulse technique is capable of detecting 
much smaller changes than can be resolved on an lonogram record. 

(5) Ray-tracing calculations through model ionospheres having idealized wave-like structure yield 
the result that the multipath delays can be accounted for by reasonable parameters of the said 

(6) The implication to ccnmunications which propagate through the ionosphere is that ionospheric 
nonhomogenelties will very likely be the limiting factor in data-bit rates and phase delays 
even at much higher frequencies than HF. It is, therefore, important to advance our knowledge 
and understanding of th'. irregular structure in the ionosphere and the effect such structure 
has on signals propagating through the medium. 
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Example of an HF pulse received over the Palo Alto-Boulder Propagation path. 



Figure 2 


CHIRP ionogramB, 1500-km path. Sept. 23, 1969. 
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Figure 8 Boulder magnetogram for November 13, 1969. 
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PERTURBATIONS IONCBPHERIQUES IITNERANTES ENGENDREES PAR DES EXPLOSIONS 
NUCLEAIRES A FAIBLE ALTITUDE 


par 

W, Stoffrtfgen 


SChWAIRE 


A la suite de deux importantes explosions nuciAairea ayant eu lieu A Novaya Zealya, respec- 
tiveraent les 23 et 31 octobre 19Sl, on enregistra au-dessuo de la Scandinavie des perturbations 
ionosphSriques se d£pla$ant A une vitcsse maximale de » 630 b/b, Les perturbations affectant 1'io¬ 
nosphere ftaient particuliArernent marqufes dans la region F, eomme le rbvAlent les ionogrammes et 
les profils hauteur rSelle. Lorsi*ue la preaiAre onde arrive, on observe une augmentation spontanSe 
de la hauteur de la couche F-2, suivie d'un frectionnecrnt de la couche F, et d'une phase plus lente 
de retour A la normale. Au niveau E, une ooucbe E sporadique apparut avec un certain dflai, et I'io¬ 
nisation de la rigion D s'accrut au ccurs de deux courtes pSriodeB, avec un retard d'une heure envi¬ 
ron par rapport A la perturbation de la couche F, On peut expliqusr les dSlaia survenant entre les 
perturbations aux diffArents niveaux de 1'ionosphere grace aux rAsultats d'Studes, par trajeccogra- 
phie, de la propagation des ondea acoustiques et de gravity. 
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W. Stoffregqn 
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S-755 90 Uppsala, Sweden 


S UMMARY 


After the two large nuclear explosions at Novaya Zemlya on October 23 and 30, 1961, 
ionospheric disturbances travelling with a maximum velocity of =630 m/s were recorded over 
the Scandinavian area. The disturbances in the ionosphere were most pronounced in the F- 
region, as is evident from the ionograms and real-height profiles. When the first wave 
arrived, a spontaneous increase of the height of thi F2-layer was observed, followed by 
splitting of the F-layer and a slower phase of recovery. At the E-leve], a sporadic E- 
layer occurred with some delay and the D-region ionization increased during two short 
periods with a delay of about one hour with respect to the disturbance in the F-layer. The 
time delay of the disturbances at different levels of the ionosphere can be explained by 
the results of ray-tracing studies of the propagation of acoustic gravity waves. 


1. INTRODUCTION 

In the course of the series of nuclear tests at Novaya Zemlya during 1961* the 
influence on the ionosphere was studied at the observatories at Kiruna, Lycksele and Upp¬ 
sala by making vertical ionospheric soundings. The distances between the test arec and 
these observatories are approximately 1300 km, 1650 km and 2100 km respectively. Some 
interesting records were also obtained from the 16.8-MHz backscatter sounder, operating 
at Uppsala. The 16-mm backscatter film records are converted into diagrams which show the 
travelling disturbances in a concentrated manner. The results of both the vertical and 
the oblique soundings have been assembled in a report (STOFFREGEN, W., 1962). The aim of 
this paper is to summarise briefly the main results, including real-height, profiles 
produced more recently, and to discuss the time difference between the disturbances 
observed at different levels in the ionosphere. 

2. OBSERVATION OF IONOSPHERIC DISTURBANCES 


2.1 Vertical soundings 

The large nuclear explosion of October 30 at =0933 hours gave rise to violent 
disturbances in the ionosphere, which were observable at great distances. At Lycksele, 
=1650 km away from the detonation area, ionospheric records were made at 3-minute 
intervals. The records, assembled in Fig. 38-1, show a number of interesting details. The 
whole structure of the ionosphere from the D- to the F-region was changed during two 
successive periods. At Kiruna and at Uppsala a similar behaviou” of the ionosrhere was 
observed. The following sequences of events during the overhead passage of the w ■■•s are 
of special interest: 

a) The F2-layer showed a \ery pronounced division near 3.5 MHz at 1010. At the 
time the layer rapidly moved upwards. This effect is seen even better on the reco > .it, 
1146-1058, when the second wave arrived at the position of Lycksele. At that time the 
layer was split into two levels similar to the formation of an FI- and F2-layer. Cusps 
going up to a virtual height of about 700 km are seen on the records between 1128-1134 
and at 1246, indicating strong vertical motions. A remarkable destruction of the F-layer 
was observed during 1122-1207, i.e. after the passage of the first and the second waves. 

b) At the level of about 100 km, a sudden increase of the critical frequency of an 
Es-layer was observed at 1016. After 1046, the critical frequency of a slightly higher 
Es-layer increased and remained for a longer time, except for two short periods of 
absorption due to D-layer ionization. 

c) Increased ionization in the D-region was observed during two short periods, as is 
evident from the increase of f-min. The two periods appear at 1058-1110 and 1218-1231. 

Real-height profiles and plots of the height of the F-layer are shown in Fig. 38-2. 
The two drastic changes of the profiles to higher levels at 1010 and at ]052 indicate the 
arrival of the wave fronts overhead. The height variations seen on the plot to the right 
show the steep increase at that time. The profiles further demonstrate the descent of the 
F2-layer to a rather low level at 1028 before the recovery to a nearly normal profile at 
1034 and 1040. In the lower part of the figure to the right, the increase of ionization 
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in the E- and D-region is shown. The Es ionization increases about ^0 minutes later than 
the first disturbance at the F2-height. In the D-region the corresponding delay is about 
50 minutes. The phase in which the F-layer was greatly distorted is marked in the figure 
a3 "spread reflections". 


2.2 Backscatter records 


The backscatter sounder at Uppsala, which operates on 16.8 MHz, produces one 
picture each minute on 16-mm film. Travelling disturbances can easily be detected, when 
the ionization in the F-layer is just great enough to obtain oblique incident reflections 
at this frequency. During October 30, 1961. the ionization was slightly below this limit, 
and hence the pattern visible on the screen indicated such reflections only, which were 
associated with the travelling waves initiated by the explosion. To the left of Fig. 38-3, 
a number of the records have been redrawn. Because of the skip distance, which in this 
actual case was =1000 km, the pattern moves around the centre of the screen from NE. to 
SW. (1051-1111). The information from this film has been converted into diagrams B and C, 
in order to show the waves more clearly. The ionospheric conditions were more favourable 
during October 23. The travelling disturbances caused by the nuclear explosion at 0930 
are indicated by arrows to distinguish them from other reflections. In diagrams 3 and C, 
the waves can be followed through the different sectors from N. to S. It appears also 
that the waves are longer to the south than at their fir3t appearance in the northern 
sector. The notations a and b show that the drastic change of the height of the F-layer 
is still very pronounced at a distance of =3500 km from the source. Diagram C is a good 
example of how travelling waves observed by a backscatter sounder can easily be detected. 
In fact, similar waves of an other origin have been studied in this way. 


3, DISCUSSION OF THE OBSERVATIONS 

The large-scale disturbances in the ionosphere resulting from low-altitude nuclear 
detonations are interpreted as a secondary effect of the acoustic gravity waves, which are 
generated by the explosion. It is suggested that the coupling between these waves and the 
ionized medium is due to collisions. The plasma-density changes recorded by .ionosondes 
thus give information on the periods and the velocity of the acoustic gravity waves. Of 
special interest is the time delay of the perturbances at lower levels in the ionosphere. 
These details are not yet fully understood and are still the subject of study. It seems, 
however, that ray-tracing of the motion of shock waves up to ionospheric heights may 
explain the different behaviour in the F2-, E- and D-layers. Backscatter records 
demonstrate the motion of the travelling waves in one preferred direction only, because 
of the aspect sensitivity of the reflection area. Since the waves from the source 
propagate in all directions, the records may include certain reflections originating from 
discontinuities somewhat aside from the main direction. Thi3 has to be taken into account 
in the analysis of the records. 


4. GENERAL INFORMATION 


4.1 Reference 

STOFFREGEN, W., 1962, "Jonosfarstdrningar observerade i samband med kSrnladdnings- 
prbv vid Novaja Semlja den 23 och 30 oktober 1961", Report No. 10, Uppsala Ionospheric 
Observatory (in Swedish). 
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b. GENERAL INFORMATION 


*t.l Reference 


STOFFREGEN, W., 1962, "Jono3farst»rningar observerade i samband med kSrnladdnings- 
prov vid Novaja Semlja den 23 och 30 oktober 1961", Report No. 10, Uppsala Ionospheric 
Observatory (in Swedish), 
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30.10.1961 UPPSALA IONOSPHERIC BACK-SCATTER 16,7 Mc/S 



Fig.3 (a) Backscatter records of ionospheric waves, recorded on October 23, 1961. 

(b) and (c) Diagrams showing the travelling disturbances in different sectc 








23.10.1931 UPPSALA IONOSPHERIC BACK-SCATTER 16,7 Mc/s 
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IONOSRKRIC DISTURBANCES GEN1 RATED BY ACOUSTIC-GRAVITY NATO 
RESULTING IROh A 100 CT TO ? 00(, XT MJCIEAR EXPLOSION ON TIP: GROUND. 
OBSERVED AT POINTS LOCATED BETWEEN ISO AM) 1 000 IM PROM HIE FIRING SITE 


by 

P.M. Halley 


SCMMAIRE 


During french nuclear experiences in Polynesia, travelling ionospheric disturbances vere 
observed, end their imract. on high frequency hand propagation, essentially in the magnetic meridian 
plane of the firing site, vas investigated. 

Various recordings of Doppler effect frequency shifts, end of vertical or oblique sounding, 
for firing powers ranging from 100 kt to approximately ?. 000 kt, ere presented. 

Such recordings are interpreted as exhibiting mainly two disturbance components : 

i) A rapid component vhich is a thermoepheric vave whose instantaneous speed is approximately 
720 m/e at • horizontal distance of 290 km, and then diminishes as the distance increases. 
This oscillation vave -jay appear at a very great distance, where its velocity altTayn 
exceeds 400 a/s. Its frequency spectrum inclides : on the one hand, an acountic portion 
whose main period tends towards T , the upper limit imposed by atmospheric filtering j 
on the other hand, an acoustic-gravity portion with a main period tending towards T /cos A 
end, for high energies, a period tending towards T , which is Brunt.-Vaisalfi period fit the 
point of observation. 8 

ii) A low component vhich could be a ground wave or a guided vave, whose velocity is about cons¬ 
tant, and of the order of 105 m' , 8« This wave rises up to ionospheric altitudes, where it be¬ 
comes superimposed on the thermospheric vave. It is essentially revaded by oblique echoes 
on a single and travelling flexure of the surfaces of equal density. It seems to diminish 
more rapidly than the thermospheric wave. 

These observations are correlated with the results of the linearized theory in a non-iso- 
thermal atmosphere (numerical applicati ns). 

The impact of such a disturbance or. oblique propagation and the resulting impairment of te¬ 
lecommunication possibilities are discussed. 

An approximate representation of thi.i disturbance in the Y reg.on, between 150 and 1 000 km 
around the vortical line of fire, is attempted. 
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NON-LINEAR PROPAGATION AND IONOSPHHRICCOUPL1NCTF ATMOSPHERIC 
WAVES GENERATED BY A NUCLEAR EXPLOSION 


by 

P. Brochc 


ABSTRACT 


sss ~ "rs.£ 

mission. The results of such obaerrat ion arc described. 

Two aapecta of theae result* am stressed S 

tte ^ s wars =s= sxssstt&rxsa&nr 

describe it. 

The time eoectrum confirm, the considerable influence of the 8 *™*tic tiolA on the 
coupling between the motions of neutral particle, sad those of ionised *"»»*"• 
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propagation (la vitesse moyenne eat plus faible entre 250 et 400 km qu'elle ne l'est entre 200 et 
250 km) et qu'elle a done un comportement qualitatif analogue & cclui de l'amplitude. Si c ust la 
vitesse du son et v celle de la perturbation, l'expreasion la plus simple de la rion-lin6ai itt est 
une formule du genre 


(A ” amplitude de l'onde, k constante), et, si s est une estimation de la distance parcourue, on 
peut ecrire : 

v - c + k' W l/3 /s (2) 



























































conservation linEarisec 


|| + div (N o v) - 0 

I d N o 

N q Etant la density non perturbEe. Introduinant le parametre a - (^r + j — - ) , qui caractE- 

riae la hauteur d'Echelle globale de la couchc ioniaEe, cette Equation, pour des mouvements har- 
aoniques, donne : 


' I ’ 


.| V../a + t.V | 


(5) 


On a effectuE un calcul numErique utilisant cos diversea expressions, dont lea rEsultats 
aont reproduits aur lea Fig. 6 et / qui reprEaentent, en fonction de l'azimut magnEtique, la 
variation de SN/N pour diffErentes pEriodes T(T < T ou T. < T < T ). Le rEaultat impor¬ 
tant eat que l'amactropie trEs forte du couplage, qui eat previsible d'un simple point de vue 
gEomEtrique, dfipend considErablement de la pEriode : on peut retrouver les faits essentials de ce 
comportecent A partir des rEsultats connus (HINES I960) sur les ondes acouatico-gravitationnelles 
planes, en observant que l'ondc qui se manifests en rl, la source Etant en 0, eat celle dont la 
vitesae de groupe eat dans ’.a direction de ok (Fig. 6} 


__ ^i) loraque la pEriode eat faible, it y » peu de dispersion, et I'onde est longitudinal!? 

k, u et OM aont parallEles. Le terme esaentiel dans (5) est le terme de divergence, de sorte que 
SN/N ae comporte conme : 

£. (5 (u.o) ) c'eat-8-dire (ofi.t) 2 


(ii) loraque la pEriode eat voisine d> la valour maxima observable en £, l'ojpde est trans 
versale, et, la vitesae de groupe Etant perpendiculaire 8 la vitesse de phase, u et Oh sont para¬ 
llEles entre eux et perpendiculaires 8 k. Le terme prEpondErant est encorr le terme de divergence, 
de sorte que SN/N ae comporte comme : 


t. ($. (u.t) ) c'eat-E-dire (ofi."£) (t.S) 


(iii) loraque ia pEriode est voistne de ta periods de coupure acoustique, c'cst le pre¬ 
mier terme de (5) qui est le plus important. II traduit l'influence de la stratification du milieu 
(le flux de particules ionisees entrainees est variable en fonction de 1'altitude) et il se c.om- 
porte de fagon isotrope. 


La dEpendance importante de l'anisotropie en fonction de la pEriode entrainc une modifi¬ 
cation de spectre de SN/N suivant l'azimut magnEtique du point d'observation. La Fig. 9 montre 
le comportement de 1'excEs relatif de densit' Electronique, rapportE 8 1'excEs relatif de densitE 

acutre So/po, en fonction de la frEquenre, pour diffErent.a azimuts, et pour uue Bource explosive 

parfaite (spectre uniformed. 


Deux aspects des rEsultats sont importants : 


rapport 


- Alors que les hautes frEquences (acoustiques), sont 
l'amplitude de I'onde neutre, les basses frEquences (ondes de 


toujours affaiblies par 
grovitE), sont amplifiees. 












particulcs neutres, et 1'ionosphere. L'effet de ce couplage eat de rSduire systematiquement la 
pare dea hautes frequences acoustiques dana le apectre dea variations relatives de densitS elec- 
tronique. 
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LES EFF1HS EEi> ARMES MKXEAIRES SUR L* IONOSPHERE 
(PiEtmJRHATIONS DE LA REGION V) 
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p<-T 

J.B. Lomax, and D.L, Nielson 


SCMMAIRE 


Un* explosion nucl6air« an produisant A den altitudes ionosphtfriquce eat cuivie <3"effete 
multiples da.ie 1' icons.nhAro et, par cousiquent, our les ncmmunicat ions en haute frequence, Au enure 
an l'itfc at do 1 ‘lutoarx 1962, os a proo'dA au milieu du Facifiqve, prAn de l'Xle Johnston, A une 
sfrie A’expicaions nucl$«iret de nuit (la eSrin "Fish Hovl), Dane le cadre des experiences effect 
tubes A c«tti occasion, 1 * Instxiut de Joe hero he* du Stanford a ela'jli un i£schu de eondeurs A inci¬ 
dence oblique, dent lea parcoura d'xr eeul raut apparaisaent sur la figure .1. Fu tout, quatre fesrt- 
teurs et huit rtcepteuv’S furen* nonibs en multiplex pour erbev un rfcseau ie 29 parlours, Jxi "Natio¬ 
nal Vfcireat of Standard#" (Bureau National des Poids et Mesures), ainei que I'Agence de l'Amt*. de 
farce US pour la Propagation des Ondes Radio, et le Laboratoire de Recherches de l'Armbo de l'Air, 
de Cambridge, ut.ilisArent dins la mftn* region des sonAeuro A incidence verticale, On verra sur la 
figure 2 lea emplacements des eitea choiuis, ainsi que ceux de certaines stations international** 
de sondage, Sn ajoutant lea informations fournies par ceo mesures suparees, on peut obtenir une re¬ 
presentation asses cosplAtr du cooportement, gbnbral de 1 'ionoephAre aprAs cheque explosion, 

Lee observations effectives A partir de cbacun des sites permirent de retracer l'hiatorique 
da la denaitb Alactronique maximale de 1'ionosphere en des endroits determines, L'ensemble de ces 
reaultats a aerri A etablir dea cartes de frequence critique qui indiquent la variation synoptique, 
en foncticn du temps, de la dnnaite eiectronique maximale de la couche F, Ce paramAtre eat d'une 
importance extrSme, tant pour l'operateur charge d'btablir des liaisons H,F, que pour le cbercheur 
acientifique, 

Le film sonore eu couleurs de l6 mm qui illustre cet expose presente aur la carte las cour- 
bes d'bgalc frequence critique montri.nt lea variations de la densite eiectronique maximale de la 
couche ¥ en fonction du temps et de l'eopace, A la suite des trois essais nuclCaires A haute altitude 
de 1'operation "Fish Bowl", Ces cartes comprennent Xs region attendant entre 30° de latitude Nord et 
8ud de part et d’autre de I'equateur magnStique, ef, 35° de longitude Est et Ouest de part et d'autre 
da 1'Ile Johnston. Lea sequences cownenceut 60 minutes avant l'exploaion et se poursuivent, par in¬ 
crements de 1 A b minute*, jusqu'A 60 minutes aprAs pour les essais "Star Fish" et "Check Mate", et 
cinq heures aprAe pour i'eseai "King Fish". Le principal effet qui se trouve illustre eat la propa¬ 
gation radisle des ondes innoaphbriques A partir du point de detonation, Le film etudie et illustre 
egalement la theorie des ondes hydrodynsmiques, et pressnte les caracteristiques observees des ondes 
ionospheriques, Sa projection dure 30 minutes. 

Les figures 3 A 27 representent un choix de cartes de frequence critique, extrait du 

film. 


Reference : Lomax, J.B, et Nielson, D.L,, 1968 "Observations of acomatic-gravity wave effects showing 
geomagnetic field dependence" ("Observation des effete des ondes acoustiques et de gravite montrant 
leur depeodance A l'egard du champ magnetique terrestre"), JAXP, Vol, 30, pp, 1033-1050, 


Les recherche* dont il est rendu cempte ici furent ef.fectubes sous l’bgide de I’Agence NuclSuire pour 
la Defense, dans le cadre d.» lo sous-traitaoce 938/OT.oLl, sous contrat DA 3&-039SC-87197 avec le US 
Arsq Electronics Conaand. 
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A 16-mm Bounci/Color Movie • 


J. 8. Luvox Hid 0. li. Ntelnon 
Stanford Research Institute 
333 llavensvood Avenue 
Menlo Pork. California 94025 
USA 


The detonation of a nuclear buret at ionospheric heights causes a multiplicity of effects In the 
ionosphere and therefore on HF communications. A series of nighttime allots, the Fish Bowl Serlew, 
was conducted in the auasaer and fall of 1962 near Johnston Island in the raid-Paclfic. As part of the 

Instrumentation for this series, SRI fielded a network of obitque-incidence sounders, the one-hop paths 

of which are ahown in Figure 1. In all, tour transmitters and eight receivers were tine-multiplexed to 
create a network of 29 paths. The National Bureau of Standards operated vertical-incidence sounders 
in the cane area, as did the U. S. Army Radio Propagation. Agency and the Air Force Cambridge Research 
Laboratory. Tha locations of those sites, as well as arane of the International sounder stations, 

are shown in Figure 2. By combining the Information from these separate measurements, a fairly compre- 

henaive picture of the grosa behavior of the ionosphere after each shot can be obtained. 

From each site came a time history of the lutxlmum electron density of the Ionosphere at specific 
locations. These were combined iuto critical-frequency maps which show, as a function of time, the 
synoptic variation of maximum F-lsyer electron density. This parameter is extremely important to the 
KF communicator as well as to the scientific Investigator. 

Sequences of contour maps of critical frequency are presented in this 16-nun sound/color movie, 
showing the variation of the F-layer maximum electron density as a function of time and space following 
the three-hlgh-altltude nuclear tests tn Operation FiBh Bowl. The maps encompass the region 30° north 
and south from the magnetic equator and 35° east and west from Johnston Island. The sequences of maps 
start 60 minutes before the explosion end proceed, In Increments of 1 to 4 minutes, to 60 minutes after 
the event for Star Flah and Check Mate and to five (5) hours after King Fish. The principal effect 
illustrated la the propagation of the ionospheric waves radially outward from the point of detonation. 
The theory of hydrodynamlcal waves Is also discussed and illustrated in the film, and the observed 
characteristics of Ionospheric waves are presented. The film has a showing time of 30 minutes. 

Selected maps of critical frequency from the film are shown In Figures 3 through 27. 


Reference: U 
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THE EFFECTS OF NUCLEAR-BURST-PRODUCED ACOUSTIC GRAVITY 


WAVES ON HF COMMUNICATION SYSTEMS 


by 


D.L.Nielson 

Stanford Research Institute 
Menlo Park, California 94025 
USA 


iLES EFFETS DES CNDES AODUSTlqUES tT DE GRAVITE PRODUITBS PAR UNE EXPLOSION NUOEAIRE 
SUR LES SYSTBMES DE COMMUNICATION A HAJUTE FREQUENCE 


SCMMAIRE 


U»» ondea acouatiques et de grwrit6 engendrtea par dea sxploaions nucltairoe 4 haute altitude 
peurent aifecter oomentanfeeBt les lieiaone de radioconmunication ec haute frS<}ue r cr, Deux modifies- 
tioas peuvent se produire i 

1) le spectre de propagation dont on dispoae pout, en un certain point, diminuer de talle aorte 
quo 1« circuit ne fonctionne plus 4 une frequence donate, 

2) le dtlai (Una la t<*sps, et leo diotorficna de frSquence peurent accrottra la probability 
d’erreura pour un systSme digital, Toua cee effeta dependent dea poaitione relative# du t raj at radio 
de la aource, et du champ gto«a,gnttique, ainai qua de 1'ttat de l'ionoaphire le long de ce trajet. 
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ACOUSTIC GRAVITY WA’TM ON H? 
COWUHI CAT IOH 8Y8TXM8 


D. L. Million 

Stanford ■(•■•arch Institute 
Menlo Park, California, U.S.A. 


Acouatlc gravity wavaa generated by high altltud* nuclaar explosions can momentarily affsct the 
performance of HP communications. Two changes can occur: (1) the available propagation spectrun may at 
soae point decrease aur.h that the circuit ta no longer operative at a given frequency, (a) the time-delay 
and frequency distortions nay Increase the llkollhood of error In a digital system. All effects are sub¬ 
ject to the relative orientation of the path, the source, end the geomagnetic field as well as the state 
of the ionosphere along the path. 

1. INTRODUCTION 

Through modification of the Ionosphere, acoustic gravity waves (AGW) can affect the performance of 
HF communication systems. The extent of the effect is dependent unon path location and orientation as 
well as the system parameters. In this paper we will briefly examine the changes In communication system 
performance resulting from the passage of a wave generated by the 1962 high-altitude nuclear test. King 
Fish. (LOMAX and NIELSON, 1968.) This teat affords a good opportunity since the source le discrete end 
the wave la simpler than many natural occurring ones. Observations In the form of oblique-incidence lono- 
grams are used tc verity the Ionospheric model from which the system performance will be estimated. 

The Ionospheric. F-reglon electron density is modeled as a single parabola as far aa propagation 
la concerned. The AGW effects ere computed using quasi-emplrlcal expressions derived by NELSON (1969) 
using in pert these observations. Changes in all three layer parameters—height, semlthlckneaa, and 
critical frequency--are made as the wave proceeds along the path. The performance of two modems will be 
considered—an Incoherent FSK ayatom and a differentially coherent PSK(DPSK) system. 

2. MODELS 


The path chosen for examination is about 2500 km from the burst and running between the lalanda rf 
Canton and Rarotonga in the South Pacific. A constant ionospheric F-layer was used as the background 
propagation medium: h m m 385 km, y m m 70 km, and f c * 6.8 MHz. These values were selected after examin¬ 
ing ionospheric data including oblique-incidence ionograms. Since the observations are entirely at. night 
no lower-layer ionization is considered. The propagation program used allows for linear gradients in 
critical frequency and layer height. The wave was modeled as in LOMAX and NIELSON (1968) with a velocity 
of the peak of the first half cycle of 800 m/sec. 

The digital communication system models used here permit the Input of both time and frequency 
distortions. These distortions are expressed In the form of a second central moment in time delay and 
Doppler shift and are thus specified as spreads In each domain. The spreads are calculated from the 
amplitude-weighted discrete ray paths obtained from the paratclic-layer ray-tracing propagation model. 
Signal-to-nolse ratios are normalized to a one hertz bandwloth and only atmospheric noise is considered. 

A transmitted power of 3.3 watts/Hz and noise levels at the receiver from -\51 dBW at 4 MHz to -171 dBW 
at 20 MHz resulted in about a 40 tlB signal-to-nolse ratio. The signaling element duration 1 b 10 msec for 
both systems. 

3. RESULTS 


Combining the Ionospheric and AGW models mentioned above we can obtain a series of calculated 
ionograms with which to compare against the observed records. This is done iri Figures 1 and 2 for every 
20 minutes during the first 100 minutes of the 2 hours for which calculations were made. While some error 
is apparent, the general pettern la reproduced with but two exceptions: the time-delay spreading on in¬ 
dividual trecea and the continued high frequency maintained on the one-hop trace. Thase effects are 
probably the result of the formation of Irregularities In ionization during the passage of the wave. 

Notice that while the frequency remains high on the lowest order ray (ho maximum frequencies of the higher 
order rays decrease following the first half-cycle of the AGW (i.e., beyond 110 min.). 

The spectrum available for propagation In this case incurs a pronounced change. In Figure 3 the 
maximum observed frequency is shown over the two-hour period. Observed values are shown only during the 
first quarter period. The calculated values show what might, exist ii the irregularities were not 
present. This variation in maximum frequency is not always typical but is a function of pre-wave ioni¬ 
zation contours and the rotative orientation at the nave normal of the acoustic wave and the local mag¬ 
netic field (LCMAX and NIELSON, 1988>, (NELSON, 1968). 


The performance of a digital system is related to several factors: 
(1) the algnal-to-nois© ratio 

(3) the spread in time-delay ant< Doppler shift. 

(3) the tiunsmltted signal and other system characteristic*. 
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Discussions on papers presented in Session IV 
(Influence of acoustic gravity waves on the propagation of the electromagnetic waves) 

Discussion on £“jer__22 : "H,l‘, Day tracing of gravity wave perturbed ionospheric profiles", by P.L, George 

Dr. K, DAVIES : Mr. George’s ray tracing shows that there are fundamental limitations set by the ionosphere 
on direction finding. Hence there should be s corresponding limit to the smount of money invested in direc¬ 
tion finding equipment. This is a potentially valuable contribution from thin meeting. 

Dr. P.L. GEORGE : I think the point is that no smount of sophisticated engineering, vhich usually implies 
considerable expense, will improva radio location results if the ionospheric model is itself inadequate. 

C,F, P. HALLEY : Dans le tracS de rayon electranagnStique que voub effectuez dans le milieu ionise pcrtur- 
be en presence du champ magnitique terrestre, vous caiculez les trajectoircs entre deux points pour une 
reflexion ionospherique, Tenez-voua compte de reflexions ionosphfriques multiples accompagnSes d'une ou de 
plusieurs reflexions au aol T 

Dr. P.L, GEORGE : Multiple reflections cortairily occur at near vertical incidence with TID's of some ampli¬ 
tudes. It is not clear that measurement of such multiple reflections will improve our ability to determine 
the essential characteristics of a given TID, Rather it ia often the case that multiple reflections will 
confuse the situation. It is for this reason that the interferometer used for the type of measurements dis¬ 
cussed in this paper is deliberately used in a manner such that measurements are accepted only vhen an es¬ 
sentially plane wave front, that ia a single mode, is present. 

Dr, H.P. WILLIAMS : Throughout your lecture you referred to the effects at "short distances" i,e. of the 

order of 50 km. In practice one ia much more likely to be attempting measurements ut much longer distances. 

In such cases I presume the gross inaccuracies due to the wavy surface vould be considerably reduced, The 
problem would then be nearer the case of reflection at grazing incidence which, we know from the Rayleigh 
criterion, would come more closely the flat surface case. 

D-, P.L. GEORGE : I cannot agree that in pratice one is more likely to be attempting radio location at much 
larger distances. It depends very much on the situation. There is a very real requirement for location at 
short ranges vhich I cannot elaborate on here. I vill say hovever that the required accuracy is often 
higher than at long ranges. One must remember that at short range the frequency of operation may easily be 
such that penetration into the ionosphere is very great - under these circumstances the greatest tilts 
seen. At long ranges however, for frequencies below the MUF, the radio ray does not penttrate deeply into 
the ionosphere - at distances greater than 1 000 km or so it is difficult to get mere than one third of the 
way into the F region.-One may therefore suppose that the effective tilts seen due to ..’ID's may be rather 
small. 


Discussion on paper 3 1 * : "Propagation of subnicrosecond H.F. pulses through travelling ionospheric dis¬ 
turbances",by G.M. LERFALD, R.B. JURGENS. 


Dr, L.B, WETZEL : I vould like to make two ccowents on this paper, 

1, ~ Taking an oblique ionogram as a plot of delay-time versus frequency over the path, one often 
finds that the curve is flat in places due to the presence of the underlying layers, In such regions tne 
second term in the Taylor’s expansion of the phase, being proportional to the Blope of the delay-time, 
vanishes ; at these points the surviving phase non-linearity is .ubic in frequency, and the simple formu¬ 
la for ionospheric bandwidth based on the quadratic term is no lc ,ger valid, This formula also breaks down 
where the delay-time exhibits a strong curvature as when ..lose to the MlIF, (See, for example, L, Wetzel, 

IDA Res. Paper P-317, 1967). 

2, - The question of "incoherent bandwidth" might be epp cached by viewing the physical locus of 

two paths through the ionosphere at two different frequencies. As the frequencies separate so do the paths, 
and the phases over the two paths become statistical ly de^orrelated as the physical separation of the 

paths approaches the correlation length of the major ionospheric irregularities. These irregularities could 

be related to the high wave-number end of an acoustic wave spectiisa, which then determines a natural limit 

to one's ability to do dispersion equalization. 

Dr. G.M. LERFALD : 1.- I concur with these cnasents on the limitations of the equation given by Wait, 
However, in practice it seldcm occurs that the delay-time verier frequency curve is truly flat over tCe 
receiver bandvith. In this case, as for the case near th- MUF, higher-order terms for the phase relation¬ 
ship could presianably be used, but thi-t would probably mrke it impossible to solve the equations explicitly 

2,- An experiment which measured the .egree of decorrelation between separated frequencies was per¬ 
formed with some interesting results, by Hagfors (Norwegian Defence Research Establialiment, Internal Report 
1962 ). 


513 






























Discussion on yaper 36 : "La perturbation ionosphSrique due aux ondea scioustiques et do gru/it 6 crfiSes 
par une explosion nucTSaire au aol da 100 kt 4 2 000 kt obaervte entre 150 et 1 000 km du point de tir', 
par P. HALLEY. 


Dr. F, MURPHY : The Lsmb mode which ia maximized at the earth's surface has an exponentiating distance of 
yH with altitude, vhere v ia ratio of specific heats and^H is the scale height. For y - l,b and H » 7 km 
this means t'10 amplitude at 100 km altitude ia (.bout 10 " that at aea level, I therefore do not believe 
the interpretation of the 305 m/see signal in term* of the Lamb mode can be correct. The amplitude is 
simply too small. 

C.F, P. HALLEY : Oui, la pression de perturbation du mode de Lamb dicrolt exponentiellement lorsque 1’al¬ 
titude augments, I'Schelle de hauteur itant yH. Mais, la pression en 1'absence de perturbation decrott 
•ussi et plus vite, l'iehe l^e d| hauteur etant H, Le rapport augmente -lone exponentiellement lorsque 
1'altitude augmente * e Y H , Quoiqu'il en soil, il paralt difficile d'attribuer directement a<> 

mode de Lamb le signal qui se propage 4 305 m/s. 


Discussion on paper 37 : "Propagation non-liniaire et couplage ionospherique des oncles ecoustico-gravita- 
tionnelles engendrfees par une explosion nucliaire", par P. BROCHE, 


Dr. H. RISHBETH : You have considered the motions of F region ions parallel to geomagnetic field lines, 
due to neutral air rations. But in addition the air motions in the F, region can possibly generate electric 
fields, vhich will be transmitted to the F region and can then move the ions across the magnetic field 
lines. In this case the ion motions will bs more complex. You might obtain some information about electric 
field from magnetic data, though the problem is a complicated one. 

Prof. P. BROCHE : I did not take into account these effects, my calculations were very simple, and their 
aim was only to shew the mean features of the effect of the earth magnetic field on the coupling beetwen 
the A.O.W, end the ionosphere when the A.C.W, was generated by a ponctual source, 

Dr. Ch, LIU s I think this non linear effect is very interesting. This is known in the theory of non li¬ 
near ;ave in dispersive media as "amplitude-dispersion relation", Perhaps with the model you use it is pos¬ 
sible to derive this relation and have a more exact expression for the wave velocity. Then a better check 
vith the experimental data vill be possible. 

Prof, P. BROCHE : In fact the coefficient k in the expression 

can be approximated using the shock velocity and the coefficient B, which expresses the influence of the 
viscosity damping, can be calculated for a given frequency (Rayleigh expressions), The fit is obtained by 
choosing the convenient frequency (a few seconds to a few ten of seconds), 

I agree with Dr. LIU's remark, that further theoretical work will provide better approximations 
for the wave velocity, and perhaps a better fit with the experimental data. 


Discussion on paper 39 : "The effect of nuclear-burBt produced acoustic gravity waves on H,F, communica¬ 
tions systems", by B.L. NIELSON, 


Dr. A.*. INCE ; Would you please comment on the effects of high-altitude nuclear detonations on noise of 
terrestrial and extraterrestrial origin in HF and VHF bands, considering conmunications systems such as 
iono-scatter and meteor-burst. 

Dr. D.L, NIELSON : In the face of nuclear radiations, propagated noiBe will of course suffer absorption 
just as s more useful signal does. In the initial attempts at modeling the total propagation picture in the 
presence of absorbing radiation, ve tried to synthesize observed noise values from point source noise 
"transmitters". Doing so would enable us to attenuate noise as well as the signal. Unfortunately the 10 
or so noise sources we felt were needed meant that all calculations were multiplied by that factor. 

That fact coupled with the realization that much of today's HF "noise" is interference, caused us to dis¬ 
continue such calculations, Quite obviously propagated noise is directional and the attenuation picture for 
it may differ markedly from that for the signal. Extraterrestrial noise is much easier dealt vith but must 
consider the E and F layer iris. We have not incorporated absorption of that noise either. Because of the 
location of this path vith respect to radiation sources and in view of the time-after-burst, I do not ex¬ 
pect the lack of considering noise to be of consequence in this caBe, Clearly there is little signal ab¬ 
sorption. 


External noise in VHF systems, being generally extraterrestrial, might be expected to attenuate 
rare nearly as the signal-at least to the extent that the antennas are highly directive. Since -ignal-to- 
noise ratio is the quantity of interest, considering only signal absorption will yield erroneously low 
performance. 

Dr. H, WILLIAMS : I noticed on the oblique ionogrsms you shoved that the reflections occured in blobs, i.e,, 
the curve of amplitude v. frequency vas modulated at short intervals. This was true even of the first io- 
nogrso vhich had not yet been affected by the burst. Can you tejj. me why you had this effect 1 I met it once 
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my*# 1 ,? but only in the region of a dingle top. It van then probably due to polarisation fading, for the 
time of taking the ionogram vaa only 20 seconds. 

Dr. D.L. NIELSON i As you imply, effects such as polarisation fading can occur when ve use linear antennas j 
however, I do not attribute most of the drop out of signal with such a cause. You will notice that in nearly 
all instances the signal is missing on all propagating modes. This must then relate to receiver response 
oa that particular channel, Since these are step frequency receivers such an abrupt change is quite possi¬ 
ble, We have never associated any propagation significance to these interruptions. 


General discussion 


Dr. D.L, NIELSON ; I and several other attendees would like to introduce at this point the outline of an 
ionospheric phenomenon that has been eluded to at tbis meeting by Dr, RSttger and in similar reports by 
Crochet at the University of Paris, In his paper Dr, RSttger suggested thst the po.ttaunset disturbances 
that have for many years been observed in the >’ region near the magnetic equator may be due to acoustic 
gravity vavea. During the next few moments I would like to neither support or contest that suggestion but 
to plane before this group a brief outline of the phenomenon in order that those well versed in such wave 
motion might be able to address the likelihood of such a possibility. In order to present a consistent 
qualitative picture I will take some liberties about vhich all may not agree, I will also largely ignore 
the normal motion of the bulk plasma after sunset, that is, the abrupt rise and slow descent, that may be 
of some influence in the phenomena I describe. 

The several (and the number may range from zero to perhaps 8 or 10) independent reflection surfaces 
that Dr, RSttger mentioned "seeing" from terminals remote from the equator are those cells or 
bundles or irregularities that have been common to nearly all equatorial experiments in vhich drift velo¬ 
city could be measured. Commencing after Bunset and moat probably following the evening height rise, these 
calls form and begin to drift eastward along the dip equator. Their estimated size ranges from a few hun¬ 
dred to perhaps at most 1 OCK) km and their horizontal drift velocity lrom 50-150 m/sec with respect to the 
observer. Their lifetime over one point on the earth is typically 2 to •* hours, so that from their initial 
point behind the sunset line they span perhaps as much as 30-60° degrees of longitude. Both the cells and 
the smaller scale irregularities associated with them drift at the same eastward rate. The magnitude and 
direction of the drift are compatible with electromagnetic Hall drift from downward electrostatic fields 
of a f«n millivolts per meter j however, there is no electric field mechanism known that would produce the 
horizontal variations in density that define the cellB, These data are evidenced at HF by means of horizon¬ 
tal and vertical reflections from inhomogenitiss of the same scale sb the cells as well as at VHP where the 
muen smaller scale sizes are important, Nor are the observations confined to radio. Equatorial airglov re¬ 
cords taken over large areas also indicate the presence of these cells. Since the radiance of the airglov 
is said to be leas related to electron (ion) number density than to recombination rate (height) there is 
believed to be tome levering of height associated with regions of increased airglov. 

From this brief outline *hen the following questions inquiring into the association (if arc-) bet¬ 
ween these cells and AGW's may be pcsed : 

- Ia the velocity (both direction and magnitude) consistent with AGW's either in or directly in¬ 
fluencing the F-region T 

- Is the "period" ox size of these cells commensurate with the velocity or AGW theory in general, 

- Is the disappearance cf these cells vithin say 30-60° longitude consistent with possible dissi¬ 
pation rates of AGW's. 

- Could the instabilities associated with the cell be trigger-id of sustained by energy within such 
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Dr. J. ROTTGER : In addition to the interacting explanations of Dr. Nielson, I vant to point out that 
periodical structures in the equatorial ionosphere recently have been observed by Yeooah-Amankwah and 
Koster in Accra Q "Equatorial Faraday Rotation Measurements on the Ionosphere Using a Geostationary 
Satellite" published in : Planet. Space Sci. 20, 1972, pp. 395-Uo8 ■]. These observations indicate reaso¬ 
nable oscillations of the total electron content in the evening hours. The quasi-periods of these oscil¬ 
lations are in the range of approximately 30 min to a few hours and are assumed to be originated by a ho¬ 
rizontal drift of plasma inhomogeneities in the ionosphere, A typical size of these inhomogeneities is 
about 530 km assuming a plasma drift velocity of 120 m/sec. The results obtained by oblique-incidence 
sounding between landau and Tsumeb are in sufficient agreement with these observations of Yeboah-Amenkvah 
and Foster, 

Dr, K, DAVIES : One of the difficulties concerned with the gravity wave explanation of equatorial irregu¬ 
larities propagation along the magnetic equator is that a gravity wave cannot move the electrons across 
the geomagnetic field (i,e, vertically). 

Dr. J. HOTTGER : The geographical distribution of the observed side reflection areas indicates a maximum 
of occurence in the west African zone between about 5° N and 20° N, In this area the magnetic declination 
is about 5° to 15° westerly deviation. This means that east-west propagating inhomogeneities are not pro¬ 
pagating perpendicular to the earth's magnetic field. 

In the east African area the declination is between 0° and 5° W and the perpendicularity which may 
restrict eastward drifts is performed earlier in this area. Irregularities east of the path Lindau-Tsumeb, 
located in the east African area, occur much less than irregularities west of the path. This result seems 
to be in agreement with the depicted difference of the declination east and west of the path. 

Dr. H. RISHBETH : Concerning the irregularities in the eq’iatorial F region at sunset, 

1, -1 cannot comment on the production, scale size or periodicity of the irregularities, but I 
think that the combination of 

a) the supersonically moving sunset, 

b) large horizontal gradients of electron density associated with sunset, 

c) crossed electric and magnetic fields might well favour instability phenomena, 

2, - Once the irregularities are formed, then they car be moved across the magnetic field by an 
electrostatic field. The irregularities would move with the background ionization, I have a theory of how 
the required electric fields can be produced (indirectly by the action of thermospheric winds) though the 
theory is admittedly controversial, 

3, - In think that, given the existence of irregularities the electron density and airglov data 
hang together nicely. The lifetime of the irregularities may just be similar to that of the background 
ionization - a few hours, 

(IF, P. HALLEY : La region ou l'equateur magnetique franchit et s'gcarte de l'gquateur ggographique, au 
sud du Senegal, est particuliSrement ivrSguliere de nuit, C'es\ ainsi que 1'on conBtate a partir de Dakar 
des difficulteo de radiocommunication en H,F, vers le golfede Gjir.ee ou vers Madagascar, La liability des 
communications est particulierement mauvaise dans une certaine lande ,e frequences (par exemple, entre 
9 et 19 MHz) meme si on utilise des antennes omni-directionnelles ou faiblement directives. 
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Session V 


Stannaries, ileconmenclations and future investigations 
Session diairman : Prof, J. DkLLOUL 


Comment of Prof, H, VOLLAHl) reporter of subseasion I A : " Acoustic Gravity vaves in the neutral terres¬ 
trial atmosphere. Natural sources and propagation". 

In this first sub-session, seven papers were presented dealing with the natural excitation and the 
propagation of acoustic-gravity vaves within the lower atmosphere. Five of these papers were theoretical 
papers wnereas two of then presented experimental work on the propagation of infrasound waves excited wi¬ 
thin the auroral zones. It appears to me that this ratio between the numbers of theoretical and experimen¬ 
tal papers is symptomatic of the present stage of knowledge of gravity wave propagation. 

Let me recall the general problem with which we are faced. Given is some natural event-earth quake, 
tropospheric weather disturbance auroral display etc, - which is supposed to excite acoustic-gravity vaves, 
This source nas some spatial and temporal distribution and acts like a generator transmitting a spectrum of 
acoustic-gravity waves into the surrounding atmosphere. The "radiation characteristic" of such disturbance 
can be represented by a function g (t) which depends not only on time t but also on the local distribution 
of the source and on the radiation angle. The atmosphere on the other hand behaves like a dispersive ar.d 
anisotropic wave guide which can be described by a transmission function F (o, w) where p is the distance 
from the source and u is the angular frequency of the spectral range considered, F of course depends also 
on the azimuth, the radiation angle and the time. At the input of a receiver we observe some fluctuation 
h (p, t) resulting from the source g and deformed by the dispersive atmosphere in between, 

If the observed wave structure has small amplitudes so that perturbation theory is a sufficient 
approximation and if the temporal variation of the atmospheric wave guide is slow compared with the periods 
of the waves considered we can on principle apply linear system theory and the method of the superposition 
of harmonic waves. Fortunately - as we saw in this meeting - this is possible in many problems of acoustic- 
gravity wave propagation. 

It is well known from system theory that in order to relate source g and received signal b we have 
tg transpose these functions into their frequency domains by a Fourier-trans format ion obtaining g (u>) and 
h* (p, u). Then the relationship 

h* (p, m) - g‘ M F (p, m) (1) 

holds, and from a re-transformation into the time domain we get 

h(p, t) « / g* M F (o, u) e " jut dm (2) 

Depending on the bandwidth of cur receiver we obtain at its output a signal which either approaches 
(1) or (2) or a value in between. 

In the papers by Pierce aud Warren the first step had been done to determine the source function g 
from some realistic natural event.. Liu on the other hand studied quite generally the response of the iso¬ 
thermal atmosphere to an unspecified source. It means he solved F and h for some given g, Georges finally 
doing ray approximation obtained the transmission function F for any realistic lover atmosphere. 

The theoretical papers in this sub-session therefore cover fairly well the matter outlined above. 
Here, the transmission function F of the lower atmosphere appears to be rather well understood. However, 
appart from the announced papers by Gossard and Katz who unfortunately did not attend this meeting, there 
was no experimental paper presented here which dealt with gravity wave propagation within the lower atmo¬ 
sphere. Obviously experiments of this kind are necessary to confirm or to disproof the theories and parti¬ 
cularly to locate and identify the natural sources of gravity waves. Up to now there is indeed a nearly 
complete lack of knowledge about the kind and the structure of the natural source function h in the case 
of gravity waves. 

People dealing with acoustic waves are luckier in this respect, here the transmission function F is 
much simpler, Specifically, the atmosphere behaves nearly isotropic and non-dispersive with respect to u- 
coustic waves, and ray tracing is in most cases an excellent approximation. Moreover, due to their small 
wave lengths, direction finding techniques for acoustic waves can be used in order to locate the sources. 

Cook did calculations of the excitation and tic propagation of infrasound waves, and Wilson anu 
Iiszka located infrasound waves within two different spectral ranges and identified them as caused within 
the auroral electro jet. Here, the paper by Wilson comes nearest to our ideaj^ conception in (l), From the 
observation of h within a narrow spectral range he determined and located g assuming c luiown function F, 
Then he presented a physical explinatior. of the source g. 

From this and the following sessions, I would like to draw the conclusion that we neeu simultaneous 
measurements of selected natural events within a wide range of frequencies and at various locations within 
lower and upper atmosphere, using different techniques, in order to locate and to identify the natural sour¬ 
ces of gravity vaveE and to close the gap which I outlined above. 
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Comment of Dr, 3,L, I1URPHY . reporter of subsession I B : "Acoustic Gravity waveE in the neutral terrestrial 
atmosphere. Artificial sources and propagation^’. 

I will confine my remarks to low altitude nuclear detonations as sources of acoustic-gravity waves, 
All the papers in Sub Session IB as well as a number in other sessions dealt with this topic in one way or 
another. 

Consider first the various typeB of ionospheric disturbance which result from the detonation blast 
wave, A portion of the blast wave, which does not reach the ionospheric level, is responsible for exciting 
the Lamb mode as described by Dr. Posey and Prof. Pierce, This mode has a maximum amplitude on the ground 
and decreases exponentially over a distance of about 10 km. Thus the amplitude is a factor 10"^* less at 
100 km than it is at the ground. For this reason, as noted by Dr, Balachandran, it would not seem likely 
that this mode is responsible for disturbances in the ionosphere. The possible exception would be when the 
Lamb mode can couple to some other mode which propagates at higher altitude. The main lesson to be learned 
from the Lamb mode analysis is 3imply that, in this one particular case, one may replace the usual guided 
modes OR., GR^, S Q , 3 , etc, by a pseudonode, namely the Lamb mode, and that analysis in terms of this 
pseudomoae is 1 far easier than in terms of the guided inodes. One need not resort to involved numerical cal¬ 
culations ; in fact, b sc k-of-th e-envelope engineering type estimates are possible. One should definitely 
attempt to apply this pseudomode concept to other modes which may propagate at higher altitudes and which 
may produce observable ionospheric effects. These other pseudomodes are presumably related to the ducting 
properties of the atmosphere and ionosphere and their dispersion curves should be composed of sepnents of 
the guided mode dispersion curves. 

For the portion of the shock which does reach the ionosphere Prof. Berthet has calculated the non¬ 
linear effects on the ray paths, T n a sense his analysis is the opposite of what has been done by a number 
of other people, for example by Utitham, Vlhitham includes several nonlinear effects not contained in 
Berthet's analysis, most notably the effects of ray tube divergence and convergence on the pulse amplitude. 
However, Whithorn uses the ray paths of geometrical acoustics. An analysis which treats nonlinear effects 
on both ray paths and amplitudes in a self consistent fashion would be desireable. 

Also regarding Prof. Berthet's paper, X wonder what the relation of his "ring of sound" is to the 
numerical results of Greene and Whitaker, some of which were shown in the paper by Dr, Kahalas and myself. 
The same region cf space seems to be involved in both cases. In both cases it is a region of highly non¬ 
linear hydrodynamics which acts as a secondary source of acoustic disturbance. There is a major difference 
in interpretation however. Prof. Berthet regards this region as a source of waves of perioi less than a 
minute, Greene and Whitaker regard their region as the source of gravity waves with periods in excess of 
10 minutes. Obviously clarification and reconciliation of these points of view would be desirable. 

Now, as to the short period disturbances which are observed in the ionosphere, Dr, Balachandran 
and Dr, Kahalas and myself both presented doppler data obtained by Baker and Davies, We both noted that 
these short period ionospheric disturbances are probably due to partially ducted acoustic modes beneath 
the ionospheric level, I made the point that the period of this disturbance was approximately equal to 
the period content of the shock at the base of the ionosphere and suggested a yield scaling law for the 
periods. It would be worthwhile to examine this doppler data or other similar datr to see if any scaling 
law3 for the period variation with yield, range, wind direction, etc, are in fact apparent in the data, 
Empirical scaling laws could be of great aid in formulating nuclear source and propagation models. 

Finally, we cone to the question of the rising fireball as a source of acoustic-gravity waves in 
the ionosphere. Both Prof, Pierce and Dr, Kahalas and myself have put forth gravitywave excitation models 
based on buoyancy oscillations at the fireball stabilization altitude. Dr, Lomax raised the question as to 
whether or not real fireballs perform this type of oscillation. This question really has not been answered, 
A related question which may shed socie light on this is : what kinds of acoustic-gravity oscillations are 
produced by naturally buoyant elements such as thunder clouds ? 

Even if fireballs do oscillate, this does not necessarily mean that they ore a source of widespread 
ionospheric perturbation, A ray tracing program applicable to long periods, such os Dr, Georges', could be 
used to determine the region of the ionosphere affected by a source of waves of period comparable to the 
Brunt-Vaisala period and located at the tropopause. Presumably the wavelengths produced woulu be the order 
of the stabilized fireball dimensions. 












Also the coupling of energy between various types of waves (viscosity, heat conduction, gravity, etc,) 
should be included. 

Inclusion of all these features will make it difficult to assess the importance of any one physi¬ 
cal factor. Hence, in order to obtain some insight into the dominant physical, processes it will be neces¬ 
sary to repeat the calculations many tiaeB, each time eliminating one term in the system of equations. 

Some of the more important terms are listed in Table 1, 

One other aspect which should be encouraged is that theory and observation should advance in step, 
2, Sources, 

Although there is much to be elucidated in the propagation of atmospheric waves, there is a big¬ 
ger void in our knowledge of the locations and characteristics of the sources of these waves. In this 
area there is room for both theory (source modeling) and observations- Both aspects have received some 
dicussion in this meeting, natural sources of acoustic-gravity waves in the ionosphere include the jet 
stream (Cook), auroral electrojet (Wilson), oscillation of air masses and. thunderstorms (pierce and Moo), 
large scale air motions near the tropopause (Goe) and the sun (Bowman). 

Source modeling, in which the response of the atmosphere to different sources is calculated, 
would bo invaluable for comparison with experimental data, This applies to both artificial as well ns na¬ 
tural sources. 

The effect of source location on the characteristics of ionospheric traveling disturbances is 
shown by the calculations of Chang, He shows that for gravity-wave sources in the troposphere, the iono¬ 
spheric disturbance can only propagate near the asymptotic limit. This is confirmed by radio techniques. 
Chang also shows that the temperature profile is important in determining the periods of gravity waves 
penetrating to the F region. The troposphere is an important (if not the most important) source of acous¬ 
tic and gravity wavea in the ionosphere. Hence one must consider the entire atmosphere, between the le¬ 
vels of the source - : and of observation, in attempting to explain the ionospheric effects. 

It may be of interest to note that for acoustic waves at a eiven height in the upper atmosphere, 
the ground range to a source in the lower atmosphere is a unique function of the horizontal trace speed, 
i.e., for a given atmospheric model. Thus, spaced transmitter (or receiver) measurements can be used to 
determine the source locations of acoustic waves. 

As mentioned above, we know more about the propagation of acoustic-waves than about their sources. 
Hence, it is appropriate to make use of observations, together with suitable atmospheric models to deter¬ 
mine the characteristics of the sources, e,g., jet streams, aurora, solar, thunderstorms, etc. In parti¬ 
cular, more definitive studies should be made on effects of large scale weather patterns of the type of 
study initiated hy Mtb Goe, Bowman's data may indicate a direct relationship (cause and effect) between 
gravity waves and spread F. However, it is more likely that these are independent manifestations of an 
underlying solar influence. 

The importance of winds in the propagation of gravity waves cannot be overestimated. Hence one of 
the most pressing needs is for realistic height profiles of neutral winds, A given wind ha3 a much greater 
effect on gravity waves than on acoustic waves, because the latter have larger phase velocities. One con¬ 
sequence of this is that winds cause the forbidden frequency range between the acoustic cutoff frequency 
and the Brunt-Vaisala frequency to decrease or even disappear. 

Finally f I should like to point out that the term "gravity weve" is rather unfortunate and that 
a more descriptive work would be "buoyancy wave" . The reason for this is that in any wave propagation 
there must be a restoring force. In the ca6e of gravity waves the restoring force on a parcel of gas is 
the difference between the weight of the parcel and that of the displaced air, 


Table 1 

Important terns in atmospheric neutral-ion coupling 


Neutral 

(1) Gravity (or buoyancy) 

(?) Pressure 

(3) Ion drag (periods > 1 hour) 

(b) Viscosity 

(;>) Heat conduction 

(6) Winds and critical levels 

(7) Coriolis force when winds reduce 
the intrinsic frequency to near zero 


Comments on session III : "Hadioelectric studies 


(a) Motion induced by neutral motion 

(b) Diffusion (at great heights) 

(c) Klectric fields 

(d) Production ana loss (:n FI layer) 

(e) Hydromagnetie coupling 


acoustic gravity waves in the neutral and ionized 


Prof, X, HANbl : I voulu line to consider the Session 111 contributions having some direct concern with 
problems of telecommunication from one hand and of radiolocation of beyond the horizon targets from the 


The general problem is that of evaluating the influence of the acoustic gravity waves on the de¬ 
termination of che azimuthal and vertical angle of arrival of signals or of the baekscattered echoes arm 
of the distance of the backscattering target. 
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The paper n° 29, by R,F, Treharne (on ionospheric tilt measurements near the magnetic cLip equator) 
shova that the tilt measurements in the vertical direction by means of an interferometric device may also 
provide important information on some T,I,b, characteristics. 

We have then to consider also the methods based on the measurements of the variation of the arri¬ 
val angle of signals propagating along an oblique path passing through the ionosphere j the paper n° 27, 
by J, Litva is concerned with such kind of determination, which was carried out by observing the emission 
on 51.7 MHz from localized sources on the sun surface } a limitation of the general validity of this method 
may probably derive from the fact that sometimes mere than one gravity wave system are present at diffe¬ 
rent ionospheric levels and with different characteristics. 

The paper n° 2k, by R, Hunsucker (on narrow-beam liF radar investigations of mid-latitude ionosphe¬ 
ric structure and motion) shows that a very fine and retailed knowledge of the T.I.D. structure and move¬ 
ment is obtained by means of a sophisticated HF backscatter sounder, which due to the use of a very large 
antennae array, may simultaneously scan in azimuth and elevation, with beamvidths of 2°-3° in azimuth and 
of 3°-k° in elevation. 

In conclusion, it seems that future vor 0he ^c o nven ie nt ly directed to the development of the pro¬ 
cedure reported on paper n° 32 by P, George, by introducing new T.I.D, models as deduced by means of sui¬ 
table sounding methods. These methods may have not necessarily to require such expensive and sophisticated 
equipment, like the narrow-beam HF radars, or incoherent backscatter sounders, It seems that a combination 
of some simple experimental procedures may provide very useful date i.e.a conbina-ion ol bearing in an obli¬ 
que or vertical path and of vertical sounding (fo h - profiles) st. the ionospheric reflection zone. 


? important purpose of d 


mining the mechanism of t.he acoustic-gravity wave generation ( 
at vertical soundings to be carried out in many places may be 
ote presented by I. Ranzi cud P, Giorgi, 


Dr. H. RISH3ETH : The detection of gravity waves in the lower ionosphere or mesosphere is difficult, but 
it is possible to use the ionization as a ’tracer' for the neutral air. Thus Glass et al, (paper 23) made 
use of meteoric ionization for a radar experiment which studied wave motions of 2-fi hour period, 15-30 km 
vertical wavelength at 75-105 km altitude, Perona (paper 22) observed VU transmissions, reflected obli¬ 
quely from heights around 70 km, and occasionally detected wavelike disturbances with periods of tens of 
minutes. The interpretation of these phenomena is likely to be very complex, involving both chemical ana 
dynamical processes. 

Two papers dealt with artificial sources of acoustic-gravity waves, Rao (paper 26) described how 
an HF aoppier sounder, about 1 kOO km from Cape Kennedy, detected waves in the iorosphere following the 
launching cf Saturn-Apollo spacecraft. Li6zka and Olsson (paper 30) described Swedish experiments with 
supersonic aircraft, whose trajectories can be chosen in such a way as to cause foc'ssing of the shock 




































, The paper by RBttger demons- 
trail*. I and transverse to great 
L,he causes of T,I,D,'s propaga- 


of the work reported 
eriod, There stems to 
onospheric scientists 
ul to communications engineers. What is necessary (as remarked in another session! 
orkerti vho bridge thi gup between the study of ionospheric propagation as an end 
edge needed by the communications engineer to design his systems, tiuch workers 
here is need for more such liaison activity, 

ing digital communication systems, the engineer visually needs to know such items 
um as multipath spread, coherent bandwidth, probability density functions of 
fading. Ideally, he would like to have a randomly time-varying impulse response 
urn which contains most of the above information. The difficulty is that all of 
term" statistical in nature (i.e», they involve random processes that are rou- 


Dr. D. NIEL30N ; This part of the review of Session XV will be concerned principally with the second part 
of the session ; namely, that associated vith nuclear-burat-produced waves, First one might logically ask 
what AGW data from nuclear bursts have to offer the general field of atmospheric wave propagation. In ans¬ 
wer it seems apparent that at points remote from the burst where the wave is sonic, there exists a consi¬ 
derably simplified wave behavior ss compared to many natural, sources. While much of the nuclear test data 
on AGW's has yet to appear in the literature in on easily usable form, both general behavior (e.g,, the 
effect on ionisation profiles) and data for more detailed scalings are available. It would appear that if 
we fail to understand the basically simpler neutral wave from the nuclear burst, including how it couples 
to the ion gas, we will not understand the multiplicity of natural waves with their more complex sources 
and overlapping effects. 

The study of nuclear-burst-produced AGW's may be classified into (1) analysis of wave mechanics or 
diagnosis of the medivar. and (2) predictive models. Considering the former we have seen in thiB session 
that the type of waves generated, that is the mode(s) into which energy is coupled, ore substantially in¬ 
fluenced by the available energy of the burst an;? its altitude. That a 720 m/sec principal (fast) wave 
from the low altitude French test appeared supersonic (decreasing velocity with distance) while an 
800 m/sec wave from the U,S, high altitude test appeared linear, should not be considered contradictory. 
Similarly, when both low and high altitude tests generate multiple waves (in this case two) it should not 
be concluded that the second or slower waves have a common origin or propagation altitude, We are, of 
course, hampered in our analysis by proper source models without which it is difficult to stipulate the 
propagating ray (energy) path. This is particularly evident at higher altitudes. 

It was evident from the remarks of Pr. Broche and Capitaine Halley ac well as from the U.S. results, 
that predictive methodologies must necessarily contain empirical scaling. This empiricism reflects our in¬ 
complete understanding but nevertheless allows us to match what limited observations exist. Furthermore, 
calculational models that ere in port empirical normally permit more rapid and economical estimates of 
communication effects. Quite obviously, however, limited test data and observation points do not permit 
scaling or extension to all possible situations. Therefore, as theory i3 developed which can extend the 
calculational model, such increased capability should be incorporated. 

An effect that has not received theoretical attention at this conference but which is of critical 
interest in the vicinity of high altitude nighttime bursts, is the possibility of altered chemistry during 
the passage of a wave. Such alter at ion may arise either from the movement of an ion to regions of diffe¬ 
rent reaction rates or by elevated pressure and temperature forming metastable ion states having substan¬ 
tially different capture crossect.ion. Whether natural waves can impart this type of non-linearity is not 


■ points, and (2) changing the distortion of the communication signal.-. Both the French 
i illustrated each effect. Spectrum loss on the low altitude French tests was curiously 
;he preshot spectrum whereas those for the high altitude tests were generally from the 
.ions to the received signal in the form of Peppier arid time delay spreads were seen to 
lence on large amplitude AGW's whereas tney are of limited effect for smaller or low alti 
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observation that AGW's may be one i 
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